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AbsiTact
Glaciers exert significant control on runoff and sediment yield of partty
glacierized basins, such basins being inherently more complex than non-
glacierized basins. Glaciohydraulic and glaciohydrologic processes and
factors determine the characteristics of runoff and of sediment discharge of
rivers draining glacierized catchments. Significant problems develop in
predicting both short- and long-term variations in water and sediment dis-
charge because of the complicating effects of these processes and factors.
Predictions are necessary for effective management of a basin or water-
shed's water resources. These processes and factors must therefore be
incorporated to improve predictive models of runoff and develop models for
sediment yield. In this monograph, the current state of knowledge on the
nature of runoff and sediment yield in rivers originating in partly glacierized
basins is reviewed and integrated, in particular analyzing the glaciohydro-
logic and glaciohydraulic processes and factors determining basin charac-
teristics. Current statistical and physical models for predicting runoff and
sediment yield in glacierized basins are reviewed and, based upon an
assessment of bath the state of knowledge and modeling techniques, future
research or application of existing knowledge to improve predictions are
recommended.

Cover: An alpine glocierized basin in Mhe Alaska Range (photo by Professor
Edward Evenson, Lehigh University).

For conversion of SI metric units to U.S./British customary units of measurement
consult ASTM Standard E380, Standard Practice for Use of the International
System of Units (SI), published by the American Society for Testing and
Materials, 1916 Race St., Philadelphia, Pa. 19103.
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Executive Summary

Glaciers and ice sheets are critical components of from partly glacierized catchments, as well as to
theglobal hydrological cycle and oftenare theprima- develop a model of sediment yield for such basins
ry freshwater source in many regions of the world. and watersheds, requires incorporating these pro-
Over 80% of the world's freshwater is held within cesses and related factors into their formulation.
glaciers and ice sheets. They are also a primary source The purposes of this monograph are, therefore, to:
of sediment in both freshwater and marine environ- 1. Review the current state of knowledge on the
ments. nature of runoff and sediment yield in rivers origi-

Glaciers and ice sheets are also important compo- nating in partly glacierized basins, emphasizing the
nents in the global climate and can modify regional glaciohydrologic processes and factors determining
climate through various feedback mechanisms. Gla- the characteristics of runoff, and the glaciohydraulic
ciers are sensitive to changes in climate that affect processes and factors determining sediment yield,
their mass and ultimately runoff and sediment dis- fields of study in which there have been significant
charge. Water resources will be affected by short- increases in knowledge over the last 10 years.
and long-term changes in climate, and, therefore, the 2. Review current statistical techniques and phys-
role of glaciers in the hydrological cycle and, specif- ical models for predicting runoff and sediment yield
ically, as water and sediment sources must be under- in glacierized drainage basins.
stood. 3. Assess the state of knowledge and modeling

Glaciers occur in parts of most mountainous al- techniques, and recommend future research or ap-
pine regions of the world, with the largest concentra- plications of existing knowledge to improve predic-
tions in Antarctica, Greenland, the Canadian Arctic tions.
and the Gulf of Alaska region. Many major rivers in Glaciers, whether they occupy only a small per-
western North America head in glacierized basins, centage of the basin area or cover the majority of it,
and runoff and sedimentdischarge from thesebasins significantly control runoff, originating mainly as
exert significant control on their flow and water meltwater from snow and ice, precipitation and
quality, groundwater, and from surface water originating in

Predicting runoff and sediment yield from drain- unglaciated parts of the basin. Glaciers modify peak
age basins or watersheds is an important part of discharges, the variability and volume of hourly,
efficient water resources management. Glacierized daily and seasonal discharges, the lag between pre-
drainage basins are inherently more complex than cipitation and resultant increase in runoff, and long-
nonglacial drainage basins, and these complexities term trends in the annual volume of flow. Glaciers
pose serious problems for predicting runoff or sedi- play the roles of daily and seasonal water sources and
ment yield over both the short and long term. In water storage media, long-term water reservoirs,
particular, runoff predictions can affect hydropower and routes for meltwater and meteoric water from
and reservoir management, as well as downstream the glacier's surface to its discharge at the terminus.
wateruseand allocations, includingcommunitywater The amount of energy available for producing
supplies, fisheries, recreation, navigation, mining meltwater from snow and ice is a critical component
and irrigation, of daily and seasonal runoff. This energy is mainly

Glaciohydraulic and glaciohydrologic processes net radiation, sensible heat, latent heat of condensa-
and factors determine the characteristics of runoff tion or evaporation, and heat released by cooling or
and sediment yield of rivers draining glaciers. Cur- freezing of rainwater falling on the snowpack and
rently, models are incapable of accurately predicting ice.
either runoff orsedimentyield from glacierized drain- Long-term (decadal to century) trends in runoff
age basins. To improve predictive models of runoff largely reflect the effects of climate on the mass
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balance of the glacier. The mass balance is the net (R-channels) or partly in both. Water may also flow
change in glacier mass over 1 year, being the differ- preferentially in existing bedrock features or aban-
ence between total accumulation of snow and ice and doned channels.
the total amount lost to ablation. Positive and nega- In the established conduit-tunnel system, there is
tive mass balances can be associated with either an inverse relationship between water pressure and
increases or decreases in runoff over short and long discharge, whereas in the linked-cavity system, they
periods, vary directly. This relationship allows the linked-

Meltwater originating on the snowpack perco- cavity system to maintain a given water flux capabil-
lates through it under the influence of gravity. The ity under water pressures that are higher than in a
process of meltwater percolation can be described in conduit-tunnel system, and ensures a mostly stable
a general sense by Darcian flow theory for an unsat- system that can persist with seasonal changes in
urated, homogeneous porous medium. Above gla- discharge.
cier ice, the seasonal snow rapidly becomes saturated In contrast, a conduit-tunnel system will evolve
with meltwater; within this zone, Darcy's law for and grow with increases in discharge, but collapse by
saturated flow applies. Within the permanent snow- ice deformation as discharge decreases, pressures
pack of the accumulation (or firn) area, a thick satu- drop and heat flux is reduced. Runoff will reflect
rated layer commonly exists on temperate glaciers such changes. By peak summer discharge, a steady-
and actsasan unconfined aquifer thatstores meltwa- state system evolves with rapid flow-through, re-
ter and retards its movement into the glacier's drain- duced and minimal water storage, and low water
age system. pressures.

Meltwater flowing through the seasonal and per- While drainage system configuration and hydrol-
manent snowpacks either discharges at their bases ogy are reasonably straightforward when the sub-
onto the glacier surface, where it flows within su- strate consists of bedrock, beds composed of sedi-
praglacial channels, or enters the glacier directly ment complicate things. In this case, conduits or
through intergranular passageways or veins, and tunnels may be incised partly into sediments or fully
larger drainage sinks such as crevasses and moulins. cut into basal ice with a sediment floor, and, there-
Within the glacier, the idealized englacial drainage fore, closure or expansion is affected by the rate of
system consists of a tree-like network of small veins sediment deformation into them. Sedimentary sub-
and capillary tubes feeding progressively larger con- stratesare also permeable and a certain small propor-
duits at depth. Overall, flow is perpendicular to tion of water is transported within them, Water can
equipotential surfaces, which are a function of water then flow in a distributed system.
pressure gradient and potential energy. At the bed in The majority of runoff from glacierized basins
the subglacial environment, water moves generally occurs within several months or less, lasting a few
perpendicular to the intersection of these equipoten- weeks in the Arctic and 4 to 5 months in lower
tial surfaces with the substrate. latitude basins. Glaciers effectively moderate annual

The precise nature of the englacial drainage sys- stream flows by storing as ice some portion of the
tem remains uncertain, however. Indirect analyses precipitation received. Annual runoff is therefore not
indicate that within different parts of a glacier, as correlated with annual precipitation as it is in non-
well as in different glaciers, drainage may vary in glacierized basins. Release of water from ice storage
rate, suggesting that both direct drainage pathways depends on the energy input and extent of the sea-
and indirect, tortuous routes of flow with significant sonal snow cover, whereas runoff from rainfall in
water storage may exist. summer depends on the type and seasonal evolution

Water entering the subglacial environment (be- of the englaciai and subglacial drainage systems. The
low the ice/bed interface) theoretically flows through most variability in daily discharge, therefore, takes
one of three drainage systems: progressively inter- place in spring, as the melt season begins, and gener-
connected conduits and larger tunnels (conduit- ally decreases through the summer. The seasonal
tunnel system), an anastomosing pattern of smaller discharge peaks I to 2 months later in glacierized
conduits that link cavities in the bed (linked-cavity basins than it does in adjacent nonglacierized basins,
system), or, in the absence of conduits or channels, as reflecting early season meltwater retention in the
a thin film between the ice and bed (distributed flow snowpack, the progressive increase in meltwater
system). Each system may coexist within different production and drainage system development. Min-
parts of the bed of the same glacier. Channels at the imum runoff, sometimes decreasing to near zero,
glacier bed may be incised downwards into the sub- occurs in mid- to late-winter.
stratum (N-channels), incised upwards into the ice Sediment transport and sediment yield in partly
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glacierized basins are complex functions of the inter- reflect seasonal variations in the extent and develop-
nal or glaciohydraulic processes, which erode, en- ment of the englacial-subglacial drainage system,
train, transport and deliver sediments into glacial the type of drainage system and seasonal variations
discharges, and of climatic conditions, which deter- in sediment production and availability, the latter
mine the rate, magnitude and timing of meltwater being a function of previous hydrological events that
production. Thermal conditions within and below a remove or deposit bed materials. As the drainage
glacier affect sediment entrainment and release, while system is progressively established in spring, new
the englacial and subglacial drainage systems, their sediments produced during winter are entrained
seasonal evolution and stability, and their interaction and episodically removed when different areas of the
with the various glaciologic processes determine sed- bed drain and are flushed of sediment. Diurnal in-
iment transport and discharge to rivers at the termi- creases in meltwater discharge can likewise cause
nus. episodic opening and closing of conduits and daily

Under normal flow conditions, glacial rivers in variations in sediment discharge.
general transport significantly more sediment in sus- Through the melt season, discharge increases, and
pension and as bedload annually than do nonglacial the drainage system, whether linked-cavity or con-
rivers. Sediment discharge is, however, more variable duit-tunnel type, becomes established and well de-
daily, monthly and annually, with up to 95% of the veloped. In the conduit-tunnel system, increased
annual load transported during the melt season, the discharge leads to reduced water pressures and a
duration of which varies with latitude and altitude. decrease in the bed area subject to erosion, correlat-

Sediment transported by glacially fed rivers is ing with a progressive decrease in sediment dis-
derived from sediment in transport by the glacier charge. Increased discharge in the linked-cavity sys-
itself and from sediment in transport by meltwater tem results in increased water pressures, with con-
within the englacial-subglacial drainage system. Sed- duit and cavity growth possible, entraining basal
iment also comes from nonglacial processes in gla- debris and bed material. In both fully developed
cier-free areas of the basin, systems, parts of the bed can remain inaccessible to

Ice flow and sliding determine the predominant runoff and accumulate sediments. Only flooding,
transport paths for debris derived at the surface and which can rapidly expand flow across other parts of
bed of the glacier. Sediments deposited on the glacier the bed, can then produce high sediment discharges.
surface in its accumulation area by wind, mass wast- Late in the melt season, a lowered sediment flux
ing or other processes are most commonly transport- appears to be a function of an exhausted sediment
ed englacially along flow lines above and out of supply and fully developed drainage system. Se-
contact with the bed and emerge at the glacier surface verely reduced winter discharges ensure sediment
within the ablation zone. Debris incorporated at the storage on the bed that then provides larger volumes
highest elevations is, however, carried along flow of sediment for spring meltwater discharges.
lines that may intersect thebed, where basal processes Sedimentyield of glacierized catchments is highly
and subglacial transport could take place. variable from region to region and can vary from

Debris transported within a relatively thin zone glacier to glacier and from year to year. This variabil-
near the glacier's sole makes up the majority of sedi- ity is not related directly to discharge; increases in
ment in transport within the glacier. Basal debris sediment load commonly occur out of phase with
originates by a variety of processes, including me- that of runoff, but may also take place without any
chanicalabrasionand plucking, regelationand freeze- change in discharge. Sediment discharge can also
on. vary in the extreme, with nearly the equivalent of the

The annual flux of sediment transported by ice can annual load released in a single day. However, insuf-
only be grossly estimated, if ice flow velocity is known ficient data exist to define the magnitude of long-
and if measurements or estimates are available of term fluctuations in sediment yield.
supraglacial, englacial and basal debris volumes. Statistical techniques and physical (conceptual)

Sediment entrainment and transport by englacial models are currently incapable of accurate predic-
and subglacial discharges have not been directly ob- tions of either runoff or sediment yield over the short
served or measured in most cases. Estimates of sub- or long term. Statistical techniques suffer from a lack
strate erosion rates are based strictly on theoretical of data, in particular long-term records, and cannot
assessments of bed material properties and the ero- account for the extreme annual or seasonal variabil-
sive capacity of meltwater flowing in channels or ity common to runoff and sediment yield. Statistical
conduits. treatments are not applicable to more than the single

Seasonal (and daily) variations in sediment flux basin for which they were developed, and each must
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be calibrated independently for other basins with evaluating and developing statistical relationships
basin-specific data. and physical models. Data from glacierized catch-

Physical models of runoff are better because they ments in North America are particularly lacking,
consider processes and can be continually adjusted especially considering the vast area and volume of
to simulate observed hydrometeorological condi- ice in both Canada and the U.S.
tions, or altered to consider existing conditions and Research on the glaciohydrologic and glaciohy-
runoff history. Although meltwater production at draulic processes and factors that control water and
the glacier-snowpack surface can be reasonably sediment production is required to formulate realis-
modeled, physical simulations suffer from an incom- tic and accurate physical models of runoff and sedi-
plete treatment of the glaciohydrologic processes ment yield.
and controls on runoff. Models are basin-specific and The relationships between climate and glacier
have rarely been applied to more than one basin. In mass balance, glaciohydrology and glaciohydrau-
these basins, they are generally incapable of accu- lics, and runoff and sediment yield need tobe defined
rately predicting diurnal, peak or seasonal flows, and methods developed that minimize the need for

Physical models of sediment yield of glacierized costly, labor-intensive measurements of annual gla-
basins have not been developed. cier mass balance, runoff and sediment transport.

Future research requirements include a need for Remote sensing techniques using both active and
long-term data on runoff and sediment yield that are passive sensors need to be examined for regional
linked to both downstream hydrology and hydrau- predictions of runoff, both annually and in near-real-
lics and climate. Such data are required for testing, time.
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Glaciohydrologic and Glaciohydraulic Effects
on Runoff and Sediment Yield in Glacierized Basins

DANIEL E. LAWSON

Introduction

Glaciers and ice sheets are critical components to climatic variations, responding through chang-
of the global hydrological cycle and, as such, are es in their mass that ultimately affect runoff as well
often primary sources of water for many rivers, as sediment discharge and water quality.
lakes and other freshwater environments (Fig. 1). With water being one of the world's most pre-
They are also one of the primary sources of sedi- cious resources and with over 8 0% of the freshwa-
ment in freshwater and marine environments. ter being held within glaciers and ice sheets, the

Glaciers and ice sheets are, in addition, critical responseofglacierstoshort- and long-term changes
components in the global climate system, and may in climate will affect water resources globally. It is,
modify regional climate through various feedback therefore, important that we understand their role
mechanisms. Glaciers can be extremely sensitive in the hydrological cycle and, more specifically as

Figure 1. Glaciers supply large amounts of fresh water to rivers and lakes in glacierized
regions, exerting significant control on river hydrology and water quality. The Matanuska
River largely originates from several subglacially fed streams draining the Matanuska glacier in
south-central Alaska.



addressed in this monograph, their role as water stream problems necessitating mitigation mea-
and sediment sources affecting the hydrology and sures.
water quality of rivers and lakes. Large-scale hydropower schemes with large

Glaciers and ice sheets concentrate in Antarcti- reservoir storage capacities, such as that of the
ca, Greenland and North America, primarily in the Columbia River system in the northwestern U.S.
Canadian Arctic and Gulf of Alaska regions. Gla- and southwestern Canada, are not significantly
ciers are also found, however, throughout most affected by usual diurnal variations in runoff, but
mountainous alpine regions of the world. In west- total annual flows, the timing of peak runoff and
em North America, for example, giaciers are found the occurrence of unusual peak or flood flows are
in the states of Washington, Oregon, California, critical to daily operations. Smaller scale, but com-
Wyoming, Montana, Idaho, Colorado, Nevada monly complex, hydroelectric schemes depend
and Utah, and the Canadian provinces of Alberta particularly on accurate daily and even hourly
and British Columbia. Within Alaska, approxi- discharge predictions for the best use of water and
mately 3% of the land (74,700 km2) is covered by for power production (Young 1985).
glacier ice. The Grande Dixence S.A. hydroelectric project

Most Alaskan rivers, as well as many of the in Switzerland is a prime example of an operating
largest river systems in the western U.S. states and system fed by glaciers with requirements for both
Canadian provinces, originate at glaciers and pro- short- and long-term runoff predictions. This
vide a reasonably sustained annual water supply. hydroelectric project uses meltwaters from the
In Alaska, the estimated average runoff from gla- alpine valleys of St. Nicolas (Matteral) and Herens,
ciers is 220 km 3/year, nearly 35% of the total Valais, Switzerland, a region that encompasses 35
runoff in the state and 10% of the total runoff for glacierized drainage basins ranging in area from 1
the U.S. (Mayo 1986). This runoff exerts a signifi- to 80 km2. In the Grande Dixence hydroelectric
cant control on the nature of flow and water qual- scheme, a more or less continuous adjustment of
ity of all major Alaskan rivers, except the Colville water use to water yield requires daily and hourly
River on the North Slope (e.g., Benson et al. 1986). forecasts of meltwater yield from each glacierized
Even the smaller glaciers in drainage basins of the basin, which include determining when to pump
western U.S., however, have marked effects on water between ixtultiple storage reservoirs and the
river hydrology (e.g., Krimmel and Tangbom 1974). storage rates throughout the entire system (Lang

Because runoff and sediment yield from gla- and Dayer 1985).
cierized basins are inherently more complex than Grande Dixence also relies heavily upon accu-
they are from nonglacierized basins, significant rate annual and decadal runoff predictions for
problems develop in predicting both short- and each glacierized basin because the design incorpo-
long-term variations in water and sediment dis- rates low volume reservoirs based upon projected
charge, predictions that are necessary for effective 18-year means in runoff (Bezinge 1982). To make
management of our water resources. operations optimum, runoff, sediment yield and

For example, hydroelectric power generation related data in these basins have been measured
depends on runoff, requiring both long-term and analyzed since 1948. This data set is perhaps
projections of the frequency and magnitude of the best available, yet even with these data, a drop
peak and low flows during the planning of a new in meltwater production owing to increased stor-
project and short-term forecasts, including daily age of precipitation as ice caused an unanticipated
and hourly variations in the magnitude and tim- shortfall of water for energy production from 1965
ing of runoff, for efficient operation. In the long through 1979 (Bezinge 1978, 1982).
term, predictions of decadal or longer trends in The downstream uses of water for irrigation,
runoff may be decisive in determining if a new potable supplies, navigation, fisheries, industry
project is viable. Inaccurate forecasts may hurt a and recreation also depend upon accurate predic-
hydroelectric project and its financial status after tion of the seasonal and annual availability of
completion if the projected trends are too high, or water (Meier and Roots 1982, Power 1985). Water
result in inefficient use of the water if projected availability in glacierized basins is complicated
volumes are too low. In general, over-forecasting because it depends upon the amount of water
results in a loss of power generation capacity stored within the glaciers and the timing of its
because reservoir water levels will be lowered in release, items which are not necessarily seasonally
anticipation of large inflows, whereas under-fore- related. Incorrect predictions of water availability
casting can cause inefficient water use and down- are especially critical to downstream arid or semi-
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arid lowlands that receive their water from rivers (e.g., Bowlingand Trabant 1986, Young 1985, Roth-
originating in glacierized basins of mountainous lisberger and Lang 1987), but the flooding may lag
areas that may be several hundred kilometers or unpredictably from delays attributable to the in-
more distant (Dreyer et al. 1982, Tarar 1982, Young ternal drainage system of glaciers.
1985, Hewitt et al. 1989, Butz 1989). In addition to Flood forecasting may be further complicated
the complexities of the hydrologic system under by catastrophic water releases called glacier out-
the present climatic conditions is the probability of burst floods or j6kulhlaups. Outburst floods can
long-term changes in climate (e.g., Collins 1985). far exceed "normal" floods; on the Knik River in
Thus, current water use plans and operations, as Alaska, for example, the measured peak outburst
well as the design and construction of new water flood from a glacier-dammed lake was 22.3 (M3/

supply systems, must consider the effect of climate s)/km2 [304 (ft 2/s)/mi 2], whereas the 100-year
change (Gleick 1987, 1990). Climatic change will flood is calculated at 3.9 (m 3 /s)/km2 [53.7 (ft2/s)/

not only result in long-term warming, but also an mi2] (Parks and Madison 1984). Jokulhlaups have
increase in the frequency and magnitude of ex- been documented globally, including on the con-
treme climatic events. Decisions on water use re- terminous U.S. (Richardson 1968, Driedger and
quire us to predict such changes in climate, or the Fountain 1989), in the European Alps (e.g., Hae-
effects of hydrological changes may be exacerbat- berli 1983), in Norway and Iceland (e.g., Thorins-
ed by incorrect decisions (e.g., Power 1985, Dra- son 1953, Bjornsson 1974), in the Himalayas and in
cup and Kendall 1990, Peterson and Keller 1990, other parts of Asia (e.g., Konovalov 1990).
Cooper 1990). As with runoff, the variability and volume of

An incident on the Columbia River system pro- sediment in discharges are important issues in the
vides an example of the economic impacts result- use of water from glacierized basins. Numerous
ing from an incorrect runoff prediction. The Co- problems can result from both the amount and
lumbia River basin receives water from multiple characteristics of the sediments suspended in the
glacierized basi- in the Rocky and Cascade moun- water column and from the resulting deposition of
tains. This water is used to power 14 hydroelectric transported sediments within navigable channels,
plants along the river's main stem, while also river confluences, reservoirs, lakes, harbors and
meeting downstream water uses; thus, both daily inlets. The seasonal variability in sediment trans-
and seasonal hydrologic forecasts are required port can also affect channel aggradation or degra-
(Tangborn 1980b, Power 1985). Forecasts follow- dation, bank erosion and channel migration.
ing the 1976-1977 winter drought in the western In Europe and Scandinavia, where develop-
U.S. predicted runoff of less than 30% of normal in ment of glacierized basins is more advanced than
Oregon, but this prediction did not account for the elsewhere, sediment problems are considered
effects of glaciers within the upper parts of the during both the design and operating phases of
Columbia River basin. The seasonal runoff was hydroelectric projects (Harrison 1986). Prior to
actually twice the predicted amount because of a design, sediment data are collected within the
sunnier and warmer than normal summer that glacierized basins to estimate sediment delivery
increased meltwater runoff from the glaciers, caus- and short- and long-term yield. These data estab-
ing an estimated $18,000,000 loss in potential lish the size of settling basins, reservoir sedimen-
hydroelectric generation (Tangbom 1980b, Power tation rates, the capacity of purge valves and struc-
1985). In addition, economic losses to agriculture tural design. Sediment suspended in the water
resulted from large investments in drilling water column as well as sediment transported as bed-
wells, cloud seeding and land use changes that load must be separated from the water before it
were made to deal with the anticipated water enters the intakes of a power generating plant.
shortages (Glantz 1982). Sand traps, sedimentation chambers or settling

Flood forecasting depends largely on long-term basins are constructed to minimize damage to
records for predicting 100-year and other probable waterways and mechanical equipment.
floods. Basic data for flood predictions in glacier- Sediment transport volumes and grain size dis-
ized basins are generally limited, but also have tribution must also be considered in subglacial
several complicating factors associated with them. intake design, including construction of subgla-
Unanticipated, sometimes catastrophic, floods in cial sedimentation chambers designed to trap bed-
glacierized basins are commonly induced by high- load material (Wold and Ostrem 1979). Large,
intensity rainfall during warm periods in which daily volumetric variations in sediment discharge
the melt rates of glacier ice and snowcover are high can characterize glacier sources, and can reduce
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the effectiveness of such measures and cause rapid duce the concentration and size of sediment in
sedimentation by coarse bedload material (up to meltwater before it flowed into pumps and tur-
boulder size), covering the intakes and damaging bines, causing excess wear and failures.*
equipment (e.g., Ostrem et al. 1967). Sedimenta- Techniques for forecasting runoff and sediment
tion in diversion tunnels or galleries also poses yield are necessary components to the decision-
serious problems for hydroelectric projects (Wold making process in water resources management,
and Ostrem 1979). Sedimentation in storage reser- yet they remain generally inaccurate and unable to
voirs results in loss of volume and, hence, loss of forecast the highly variable nature of glacierized
potential energy production during the project basin flow and sediment discharge. The basic rea-
life; remediation of this problem increases costs for sons for inaccurate predictions of runoff have re-
dredging or for mitigations resulting from the sulted primarily from our lack of understanding of
downstream effects on fisheries of purges (e.g., the processes and factors within glaciers (or ice
Harrison 1986, Bogen 1986, Wang et al. 1987). The sheets) that determine water movement and stor-
size and mineralogy of the suspended load is anal- age. and our inability to incorporate these complex
yzed for designing turbines and other mechanical controls into predictive models. In addition, the
equipment that will be affected by water trans- response of glaciers to changes in climate, which
porting suspended sediment (Bogen 1986, 1989). determine the glacier's mass balance (ice loss or

Mechanical equipment, including turbines and gain) and subsequently runoff, is likewise com-
pumps, will wear excessively from the glacially plex and insufficiently understood for full incor-
derived suspended sediment, as do structures such poration into predictive techniques. In both in-
as intake walls and galleries. In Switzerland at stances the lack of basic hydrological, climatic and
Grande Dixence, for example, pump rotors must glaciological data from within glacierized basins
be replaced, at a cost of $100,000 each (1968 dol- seriously compromises predictions.
lars), for every 30-40 million m 3 of water pumped As with runoff, predictions of sediment yield
(Bezinge and Schafer 1968). In Norway, decreased and the effects of glacially derived sediment re-
turbine efficiency because of wear by suspended quire an understanding of the complex processes
sediment at three power stations resulted in a loss that determine sediment discharge within and
of energy output of about7 to lOGWhr/yr (Bogen below glaciers. Sediment production is related to
1986). The size and mineralogy of the suspended glaciohydrologic processes, and thus, ultimately,
sediment affects its abrasive nature, and both need to climatic controls, as well as other physical con-
to be considered when designing turbines and trols. Recent advances in the understanding of in-
other mechanical equipment (Bogen 1989). In ad- ternal glaciohydrologic processes over the last 15
dition, suspended sediments affect river and res- years or so warrant their inclusion in future mod-
ervoir water quality and ecological conditions, els. Better predictive techniques will be important
including photosynthesis, while the coarser bed- in the future as use and development of glacier-
load provides material in river substrates. The ized regions increases (e.g., Partl 1977, Benson et
environmental impacts of sediment discharge al. 1986, Bezinge 1981, Thomsen et al. 1989, Bogen
modifications must therefore be considered in 1989).
project design and operations as well (e.g., Bogen In this monograph, the glaciohydrologic and
1986). Sediment data continue to be gathered and glaciohydraulic processes that directly or indirect-
analyzed, and used to modify the project design as ly control runoff and sediment discharge from
sediment problems emerge during operations in glacierized basins, including their relationship to
EuropeandScandinavia.Suchitemsasintakegrill climate, are described. Existing techniques and
spacing, enlarging or adding settling chambers, models for predicting runoff and sediment yield
pressures in valves and pipes, slopes of gallery from glacierized basins are summarized in rela-
basins and others may subsequently be modified tion to their treatment of these processes. Based
to improve operations. At Grande Dixence, for upon this synthesis, future basic research and
example, a floating, telescoping intake for supply applications of existing technology are recom-
reservoirs was designed after construction to re- mended.

* Personal communication with A. Bezinge, Grande Dixence
S.A., 1985.
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Part 1. Runoff Processes, Factors and Characteristics

INTRODUCTION of similar precipitation characteristics in the North
Cascades, Washington (Fig. 3). For 20% glacier

The effect of glaciers on river hydrology is cover, annual runoff is 10% greater than in the
extremely important, whether itbe in a small basin nonglacierized case, while summer melt season
in which the glacier covers most of the basin area, flows are 50% greater. A reconnaissance study by
or in a regional-size basin in which glaciers occupy Clarke et al. (1986ab) concluded that for 5.2 and
a small percentage of the area. Studies have shown 5.9% glacier cover above the proposed Devil Can-
that even a few percent of areal cover by glacier ice yon and Watana dam sites on the Susitna River,
modifies peak discharges, thelagbetweenprecipi- Alaska, approximately 15 and 18%/6, respectively,
tation and resultant runoff, the variability in dis- of the runoff is produced by glaciers in the upper
charges annually and seasonally, and the total Susitna River basin (790 km 2 area), or nearly three
annual flows from the basin (Fig. 2) (e.g., Meier times as much water as estimates based upon area
and Tangbom 1%1, Ostrem 1973, Church and Gil- alone would suggest. In the Tanana River of inte-
bert 1975, Tvede 1982, Collins 1984, Fountain and rior Alaska, Anderson (1970) estimated that 47%
Tangbom 1985a, Braithwaite and Olesen 1988, of the summer runoff was derived from glaciers,
Hewitt et al. 1989, Young 1990). even though only 5% of the basin is ice covered.

Fountain and Tangbom (1985a) found, for ex- Glaciallyderivedrunoffinthiscontinentalbasinis
ample, that the presence of glaciers increased run- nearly an order of magnitude greater than that in
off volume in comparison tononglacierized basins similar nonglacial basins; in maritime Alaskan
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Figure 2. Mean summer season runoff (May to -amane
September) for the Massa River basin of the 12 rh.R( aotcha 0

Aletschgletscher (67% glacier cover) and the m
Thur River basin (0.01%glaciercover)for1965- Thur
1983 (after Rothlisberger and Lang 1987). Run- 4
off varies in virtually opposite response to similar
meteorological conditions. 0
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Figure 4. Idealized glacier-defining terms. Supraglacial ref ers strictly to the surface of the glacier, englacial to within the

main body of the glacier, and basal to a thin zone just above the bed that develops in response to the in teraction of the glacier

and the subglacial materials and drainage system.

areas, it commonly exceeds nonglacial sources by The difference between glacierized and nongla-

2 to 1 (Mayo 1984). In contrast, in the arid basin of cierized basins lies with the glacier itself, includ-

the upper Indus River in Pakistan, an estimated ing its roles as a water source, storage site and

80% of the runoff is derived from 20% of its area, routing medium. The production of ice and water

encompassing the snowf ield and glacierized zones are ultimately a function of climate through its role

above 3500-in elevation (Hewitt et al. 1989). in determining the amount of energy available for

Figure 5. At the end of the melt season, the snowline (arrow) marks the lower limit of the
accumulation area and the elevation of the equilibrium line. Melt water produced seasonally in
both the accumulation and lower ablation areas is the largest component of glacier river discharges
(photo by E. Evenson of Eureka Glacier, Alaska).

.... ... .... ... .... ... .. 6



meltwater production and the amount of precipita- Qc = heat from heat conduction through
tion that is added to the mass of the glacier as ice. the snowpack to the ice.
Factors determining water movement through or
storage within the seasonal and perennial snow- The energy available QM is then the heat used to
pack and within (englacially) and below (subgla- melt ice or snow or is that gained from refreezing
cially) the glacier in turn affect the timing and of meltwater.
volume of runoff as well (Fig. 4). If all the components of the energy budget are

In glacierized basins, runoff is composed of snow- known, the melt rate (M) (melted water equivalent
melt, ice-melt, precipitation and the release of of snow and ice per unit area over a unit of time)
water stored within the glacier and its snowpack, can be calculated as
with surface-derived meltwater from snow and ice
the principal components of summer discharges
(Fig. 5) (Rasmussen and Tangborn 1976). In addi- where S is the latent heat of melting (333.7j g-1 ). Of
tion, groundwater flow from unglaciated areas sur- the energy components, studies have shown net
rounding the glacier may be an additional compo- radiation (QNR) to be, in general, particularly im-
nent of runoff, although this quantity is generally portant in determining ablation rates. QP is negli-
believed to be small. Internally derived meltwater gible, except in the situation where rain water
from geothermal heat and frictional heating by ice freezes in a cold snowpack, when it can be ex-
sliding and flow are likewise considered insignifi- tremely important as a heat source and modifier of
cant components in runoff calculations, snowpack properties.

Seasonal variations in the form of precipitation Net radiation can be calculated from
and in the energy supply result in a seasonal peri- 4 _ )e (3)
odicity to the quantity, quality and timing of runoff. QNR = G(1 - a) + Ea Ta (3)
Annual runoff variations ultimately reflect both
short- and long-term climatic trends, but more im- where G = global (direct and scattered) radiation
mediately are a function of annual meltwater pro- a = surface albedo (ratio of reflected to in-
duction and the annual precipitation volume as cident solar radiation)
snow or liquid. Because precipitation maybe stored cam = emissivity of the atmosphere (a) and of
as a solid or a liquid, seasonal and annual variations the surface (e); for new snow, a value of
in the volume of water in storage can significantly 0.98-0.99 is used
regulate runoff as well. a = Stefan-Boltzmann constant (5.67 x 10-8

Long-term trends in runoff are mainly a function J m-2 K-4 s-1)

of the mass balance of the glacier, which is ulti- Tax = radiation temperatures of the lower
mately a function of long-term trends in climate, atmosphere (a) and of the snow or ice
The volume of precipitation and amount stored in surface (e).
the glacier versus the amount of energy available to The last two terms represent the rate of incom-
melt determines the balance between gain and loss. ing long-wave radiation and the rate of emission

of long-wave radiation at the surface respectively.
ENERGY AND MASS BALANCE Short-wave net radiation [G(1 + a)]can be estimat-

ed from records of sunshine duration or cloudOver seasons, years and decades, the amount of observations, if latitude, local geographical factors
energy available for meltwater production during and time of year are considered. Albedo can be

each period is a critical component of the runoff rou

process that mustbeconsideredinpredictive mod- roughly estimated with various empirical rela-

els forglacierized basins. The energy (QM) available tionships. Long-wave net radiation can also be

for melting snow or ice consists of the following estimated empirically, but actual measurements
cor meltingtsnow orice consistsofatheLfollowing of each factor are best.components (e.g., Rothlisberger and Lang 1987) Although eddy heat fluxes can be measured

QM = QNR + Qs + QL + QP + QG (1) directly, they require highly sophisticated
instrumentation and are, therefore, usually esti-

where QNR = net radiation mated using the gradient method based upon
Qs = sensible heat standard temperature and humidity measure-
QL = latent heat of condensation or evapo- ments.

ration The sensible (Qj) and latent (QL) heat fluxes are
Qp = heat provided from precipitation proportional to the gradients of potential air tem-
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perature (0) and specific humidity in the atmo- For the gradient method
spheric boundary layer (q)

QL = Lpk 2 (u2 - ui ) (e2 - el ) (0.622/P) (8)
Qs = cppKs d 0 (4) [In (Z2 /Z 1 )]2

dz

QL=LPLdq (5) Qs Cp pk2 (u2 - U1 ) (02 - 01 )(9)
QL=L K'dz [in (V2/IZ )]2

where Cp = specific heat of dry air Observations of wind velocities (u 2, ul), vapor
p = air density pressures (e2, el) and temperatures (02, 01) are

Ks = eddy diffusivity for sensible heat made at two levels (Z2, Z1) above the surface.
KL = eddy diffusivity for latent heat The release of heat by cooling and freezing of

L = latent specific heat of evaporation rainwater is important when it is falling on a
0 = potential air temperature; for gradi- snowpack, but is generally considered negligible

ents over a few meters, the actual air when rainwater falls on glacier ice (Rothlisberger
temperature can be used and Lang 1987). In particular, the release of latent

q = specific humidity (grams of water heat of freezing (Qm) is important in ripening or
vaporpergramofmoistair);q=O.622e/ metamorphosing the snowpack by reducing its
p, where e is vapor pressure and p is cold content (heat necessary to raise the tempera-
atmospheric pressure ture of one unit area to 00C) and increasing its

z = height of the sensor above the surface. temperature nearer to its melting point. Ambach's

The equations are based on the assumption of con- (1961) analyses at Hintereisferne, Austria, howev-

stant flux with height. Ks and KL are determined er, have suggested that rainfall may be important

from wind profiles, which depend on the rough- in reducing the cold content of the upper layers of

ness of the surface and temperature stratification. glacier ice late in the melt season.

Under neutral conditions in a constant flux layer, Heat from precipitation is given by

the profiles are expected to be logarithmic. From
the analogy between eddy diffusion of momen- Qp = Cmp (Tp - TO) (10)

tum, heat and water vapor, it can be assumed that where = mass of rainwater (g cm-2) falling on
Ks = KL for neutral stability, the ice surface at temperature To o

On the basis of these concepts, the sensible and tec
latent heat are estimated using either the mixing T = te
theory of Sverdrup (1946) or the gradient method Tp mperature of the raindrops at im-
of Thornthwaite and Holzman (1939). C = specific heat of water (4.1868 J g-t

For the mixing length theory oCs1).

Q = Lp k 2 . u2(e2 - eo)(0.622/P) (6) The heat released by freezing Qm is simply
[In(Z2/Zo)]2  Qm = Smp (11)

where k = von Karman constant (usually taken to where S is specific latent heat of freezing and asbe 0.4) whr sseii aetha ffezn n p a
U2 = wind velocity (cm s-4 at level 2 above. To define its effects on the snowpack, the
e2 = vapor pressure at level 2 cold content (C) can be calculated from

e0 = saturation vapor pressure for the sur-
face temperature at height Z C = CS pT| 5(z)dz (12)

Z0 = roughness parameter (the height above '
the surface at which u = 0)

Z2 = height of level 2. where c, = specific heat of snow or ice (2.1 J g-1
TC-1 at 0°C)

The sensible heat flux is estimated by p = density of the snow pack at depth z

Qs=Cppk2 U2(02-00) (7) T, = temperature at depth z.
[In (Z 2 /Zo )]2 Thus, if Qm = C, the released latent heat of
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MJwam Mm
Ma solno= Yew Mau

II Figure 6. Mass balance illustrated by
plots of accumulation and ablation

'hiO through 1 balance year. The diference
between the negative summer balance
and positive winter balance defines the

wmtrBalnSceM a annual mass balance for the glacier
wiw S (after Sugden and John 1976).

freezing from a quantity of rainwater falling on the to define annual net mass balance B as
snowpack would have the potential to warm it to sac Sab

the melting point temperature, a factor considered B = +(
important in calculating meltwater retention dur- B bnf cds + bnds (14)
ing runoff.

Overall, net radiation is the largest component where bnac is net mass balance at point n in the
of total heat available for melting, while latent heat accumulation area and bnab at a point in the abla-
flux is important in governing daily variations in tion area.
melt rate (Lang et al. 1977, Lang 1980). Whereas net Changes in mass are reflected in glacier activity,
radiation increases with altitude, both the sensible with glacier flow responses generating changes in
and latent heat tend to decrease as a result of the total ice volume and in ice distribution within the
vertical lapse rates of air temperature and vapor basin. These changes may be reflected hydrologi-
pressure. These rates control the level above which cally in runoff over decades and longer (Fig. 7).
melting processes are strongly reduced or cease c
altogether. Meltwater production in general is I I 1 I I
thus a function of net radiation, snow-ice albedo 1978

and cloud cover duration (e.g., Meier 1969).
As stated previously, long-term (decadal to cen- 7

tury) trends in runoff largely reflect the effects of 2 2
climate on the mass balance of the glaciers, rather E

than simply the daily and seasonal variations in
energy. Mass balance is the net change in mass of
the glacier over some period, generally considered
over 1 year (Fig. 6) (Paterson 1981). Mass balance 6 1 ]
(b) is thus the difference between the total accumu-
lation of snow and ice (c) and the total amount lost 1_83
to ablation by evaporation and sublimation (a) or

4
b = c - a. (13)

In a hydrological sense, the accumulation area of E
the glacier Sac is that area in which there is a net
gain or positive mass balance observed at the gla- 2

cier surface (see Fig. 5). Below the equilibrium line
or climatic snowline, where ablation and accumu-
lation are in balance, ablation exceeds accumula-
tion, resulting in a negative mass balance across 0 Jug
the lower ablation area Sab.

Direct measurements of glacier mass balance Figure 7. Mean daily flows at Vernagtbach, Austria,
arecommonly made atrepresentativepointswithin with 84% glacier cover during an ablation minimum
the accumulation and ablation areas on the same period and positive mass balance year (1978), and dur-
date during each mass balance period. These data ing a maximum ablation period and negative mass
are then integrated over the glacier surface area s balanceyear(1983) (afterR~thlisbergerand Lang 1987).
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4 x 1O0 1 where P = precipitation measured across the basin
R = runoff measured at a gauging site
E = amount of ice, snow and water lost to

2_ evaporation and sublimation.
2 Kesselwamdfemer

In order for AS = B, the volume of liquid stored in the
glacier must be negligible, a condition that does not

0 generally exist. Further, this relationship assumes

that essentially there are no annual changes in the
glacier's ice volume or geometry, and thus the un-
likely condition that the glacier is in equilibrium

-2 with a stable climate. In addition, measurements of
precipitation and evaporation are commonly not

Hintereisfemer available within the immediate basin and therefore
meteorological stations away from the basin are

•-4 -used as surrogates to calculate each parameter, in-
troducing further errors that are difficult to assess.

E Mass balance estimates may additionally bebased
S-6 upon repeated photogrammetric surveys run at

minimum snow cover and spanning periods of 5 or
more years (Lang and Patzelt 1971, Tangbom et al.

SI 1975). Comparative analyses suggest that these es-
1952 6 '70 '1w timates provide a reasonable approximation of the

mass balance. Significant improvement results, how-
Figure 8. Cumulative mass balances of two ever, when a minimum number of spot measure-
adjacentglaciers-Hintereisferner (9.08 km 2; ments of accumulation and ablation are incorporat-
3050-m elevation)and Kesselwandferner (4.44 ed into the estimate, even when they are only taken
km2; 3180-m elevation)-Oetztal Alps, 1952- intermittently.
1980. Elevation as well as other factors contrib- Unfortunately, the effects of climate on glacier
ute to the sharp contraction in mass balance mass and energy balance and runoff are complex
(after Rothlisberger and Lang 1987). and poorly understood (e.g., Bowling and Trabant

1986, R6thlisberger and Lang 1987). Glacier mass
balance is itself a complex product of regional and

Gradual changes in glacier mass balance may af- micro-climatic regimes, local and regional topogra-
fect annual runoff volumes as well, particularly in phy and other processes and parameters that are
basins with smaller glaciers that are apparently in likewise poorly defined. The.,ature of the response
equilibrium with the present climate and there- and the time scale of that response to these controls
fore respond relatively rapidly to short-term cli- vary from glacier to glacier and region to region
matic changes (e.g., Kuhn et al. 1979, 1985). (e.g., Reynaud 1988). The distribution of a glacier

Hydrological estimates of net glacier mass bal- above and below the equilibrium or climatic snow-
ance equate changes in basin water balance to line is an essential parameter of the climate-mass
changes in mass balance. While this method is also balance relationship that is reflected in the diurnal,
used, Tangborn et al. (1975) concluded that it did monthly and annual variations in runoff, as will be
not reliably predict mass balance because water described subsequently (R6thlisberger and Lang
storage within the glacier is not considered in the 1987).
estimate. R6thlisbergerandLang(1987),however, Studies have shown that long-term changes in
indicate that thismethod can providea reasonable climate and mass balance are reflected in runoff,
estimate of mass balance if it is applied over peri- although not necessarily as a direct response to such
ods of several hydrological years, each beginning changes. Glacier recession during periods of nega-
and ending during the winter low flow season tive mass balances, for example, results in runoff
when water storage is at a minimum (Fig. 8). additional to that which would have been produced

In the hydrological method, storage change if the glacier existed in a steady state; however,
(mass change equivalent) in water balance AS is sustained deglaciation during sustained negative

mass balances results in diminished flows. Although
AS = P - R - E (15) mass balance changes affect glacier thickness and
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thus area and length, historical fluctuations in Table 1. Example of runoff variations as-
length and area over time are not directly related cribable to mass balance changes in the
to mass balance changes, making it difficult to use Nigardsbreen Glacier, Norway (after
such information directly in long-term runoff Ostrem and Wold 1986).
predictions (Reynaud 1988). For example, Kasser Observd Gacier
(1973) has shown that runoff was significantly ruOfb mass balance Troretcal

reduced by 36% in the upper Rhone River basin in Year (101 M3
) (106 M3

) runoff*

Europe during 1916-1968, when the glacier cover
declined from 16.8 to 13.6%. This reduction was a Negative mas balance effects
longer-term response that was opposite to the 1969 249.3 -61.7 187.61970 210.9 -21.1 189.8
initial increase in discharge as the general warm- Mean 230.1 -41.4 188.7
ing in climate took place at the beginning of the
century. During the same period, the high Alpine Pos6itive mas balance effec4

1964 166.9 40.2 207.1
Matter Vispa basin above Zermatt, Switzerland, 1965 154.2 37.1 191.3
had discharge decrease by 22% as glacier cover Mean 160.6 38.7 199.3
was reduced by 15% (Bezinge 1982). It may in part Corrected to eliminate glacier influence.

reflect changes in precipitation, with a reduced
input counteracting any increase in meltwater pro-
duction. In addition, Kasser (1981) analyzed the positive mass balances, and runoff was at a mini-
overall effects of changes in glacier cover for all of mum (Fig. 9) (Rothlisberger and Lang 1987).
the Swiss Alps from 1876 to 1973, concluding that A relatively rapid response of runoff to annual
a loss of about 26% glacier cover resulted in an changes in mass balance may also characterize
annual reduction in specific runoff of about 3.4%. some glaciers, as is illustrated by data from the

Runoff data for estimating future water yield basin with the glacier Nigardsbreen in Norway
must therefore be considered in lieu of glacier (Ostrem and Wold 1986). During 1964 and 1965, the
mass balance and climatic changes during the glacier had positive mass balances, decreasing by
period of record (e.g., Bredthauer and Harrison approximately 25% the total annual discharge from
1984). Collins (1987), for example, analyzed the the river when compared to discharge for the gla-
period of 1931-1960 for several Alpine basins in cier in a theoretical, steady-state condition (Table
Switzerland, concluding that runoff predictions 1). In contrast, in 1969 and 1970, the glacier had
based upon simply this period of record, without negative mass balances that resulted in an increase
considering mass balance changes that resulted of nearly 18% in runoff.
from climatic changes, would over-predict future In general, the prevailing negative mass balanc-
runoff. During shorter time spans, to which many es of glaciers in most regions of the world during
records for glacierized basins are limited, similar the last century must be considered in interpreting
responses can affect runoff records. Data from runoff records. Because of the nonlinear relation-
Aletschgletscher, Switzerland, showed record dis- ship of climate to mass balance caused by various
charges for the period 1940-1949, the warmest feedback mechanisms, -nd the nonlinear relation-
period on record, when glaciers exhibited nega- ship between mass balance and glacier cover and
tive mass balances. However, during the late 1960s distribution, runoff predictions based upon future
and 1970s, when weather was cooler, glaciers had scenarios of climatic change are difficult to make. In

3000
_ Contribution from [-: Storage into positive

2500- glacier mass loss glacier mass balance

2000-

,E 1500 - 0 O 0 oO 0 0

(D1000 OW R rul.•

L~.1000~ -'Figure 9. Mass balance and runoff in the Aletschglat-
"5 -oo scher basin for the period 1922-23 to 1984-85. Mini-

0 2 mum runoff occurred during 1975-1980 in a period of
positive mass balance ana a maximum runoff occurred

0- oo_ during 1940-1950 in a period of negative mass balances
and glacier recession (after Rothlisberger and Lang 1987).
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addition, glaciers located within the same climatic In general, water moves from the surface of
regime, including those located in adjacent basins, these glaciers through intergranular passages,
may react differently to global climatic changes veins and conduits, and reaches the interface be-
because of regional variations in temperature and tween the glacier's sole and its bed. Here, flow
precipitation, as well as because of other microcli- may be a thin film or be concentrated in conduits,
matic effects on glacier mass balance that result cavities or large tunnels that feed streams draining
from global changes (e.g., Meier 1983). to the glacier terminus. While snow-melt, surface

Conclusions from statistical analyses of long- and subglacial ice-melt, and precipitation form the
term hydrologic records versus specific climatic bulk of this discharge, water from subglacial
variables and glacier mass balance remain specu- groundwater aquifers and from tributary streams
lative (e.g., Kasser 1959, Collins 1985, 1987, Kuhn draining the adjacent nonglacierized areas of the
et al. 1985). Even in areas with the best runoff basin are also potential water sources for this
records, data on mass balance and climate are drainage system.
commonly missing or problematic. Meteorologi-
cal stations are generally located at some distance Snowpack drainage
from the glacierized portion of the basin and are Runoff from snow-covered areas of the glacier
limited in number. Furthermore, the parameters consists of meltwater from the upper parts of the
measured consistently (mainly temperature and snowpack and rain water, both of which affect the
precipitation) are not necessarily those of impor- energy balance at the snowpack surface. Meteoric
tance. Observations of glacier advance or retreat, water and meltwater introduced into the snow-
which are more commonly available through his- pack progressively change its physical and hydro-
torical archives, have been used to infer mass logic properties, eventually resulting in a mature
balance, but may be incorrect because, owing to a snowcover that possesses somewhat more uni-
time lag in response, positive or Legative mass form characteristics. As water moves into and
balances may be associated with either advancing percolates through the snowpack, it causes a rapid
or receding glacier termini (e.g., Mayo and Tra- metamorphism of snow particles at depth. In this
bant 1984). process, larger grains grow at the expense of smaller

grains; the latter are gradually eliminated and the

GLACIOHYDROLOGIC PROCESSES edges of larger grains are progressively rounded

AND FACTORS untila spheroidal shape emerges (Wakahama 1968,
Colbeck 1973b). Material properties change as the

Runoff variability over decades or shorter peri- grains grow and density increases.
ods is linked directly to the glaciohydrologic pro- Snowpacks are, however, heterogeneous, even
cesses and controls on meltwater movement or after alteration by metamorphic processes. Prop-
storage within the glacier, including the snowpack erties reflect the history of snow accumulation, the
of the accumulation area. Our understanding of character of the snow deposited (grain size, water
these complex processes and controls is still rather content), the number of cycles of diurnal melting
limited, but improving, and refreezing at the surface between snowstorms,

In many, if not most, instances, the alpine and the number of freezing rain events that form ice
valley glaciers in basins of interest for water re- layers of variable thickness and extent, and the
source development are those that are relatively activity of wind in creating dense, hardened crusts
warm and within which meltwater is relatively (e.g., Male 1980, Colbeck 1982). Snowpacks are
abundant (see cover photo). Thermally, such gla- therefore stratified, with vertical and lateral vari-
ciers are classified as temperate, the ice being at or ability in grain size and shape, density, porosity
near the pressure-melting point throughout. Gla- and permeability. These properties in turn affect
ciers that are mainly at the pressure-melting point, melt metamorphism.
but that are in some part below it, are called The paths of flow through the snowpack can be
subpolar. Temperate and subpolar glaciers, which rather tortuous, reflecting its heterogeneous na-
are prevalent in North America, Europe, Scandi- ture. Important in this regard are dense, low-
navia and Greenland, not only have a significant permeability horizons and ice layers that reduce
volume of meltwater on and within them, but also vertical water percolation, causing local variations
have significant seasonal increases and decreases in saturation and rerouting of flow downslope
in discharge that result in similar variations in (Fig. 10) (e.g., Colbeck and Davidson 1973, Col-
rivers draining these basins. beck 1973a, 1978). Delays of several hours in the
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4 diurnal pattern of meltwater runoff may result
DeW (M) from the ponding of water above the ice layers and

3 - at1.17 the resultant dispersion of meltwater moving
* 2.12 through the snow. The introduction of largeE o 2.57
o3.61 amounts of meltwater can, however, form vertical

12 drainage channels through the ice layers, thusi!2

.1 reducing their role in retarding vertical percola-
tion (Gerdel 1954, Langham 1974). Such layers
may still cause a net lateral flow downslope, as
each successive layer is encountered (Fig. 11).
Vertical channels or veins can continue to grow by

o melting, as heat is introduced by meltwater perco-
12W0 24bo 12 lation, conduction and solar radiation (Langham

13 Aug 14 Aug 1975). Between ice layers, continued gr'ain growth,
which increases the intrinsic permeability of theFigure 10. Percolation rates of meltwater into snlow snow, and the formation of vertical, more perme-

stratified with ice layers and lenses in theaccumulation able coarse-grained flow "channels" within the
area of Ewigschneefeld, Grosser Aletschgletscher, Swit- m aringrsnow w icrease i izeia the
zerland. Rates based on water volume collected in funnels maturing snow, which increase in size as the melt-

set t dpth inicaed afte Lag e al 197).water percolation rate increases (Gerdel 1954),
set at depths indicated (after Lang et al. 1977). also enhance drainage, even though melt meta-

morphism increases snowpack density.

mom nn-o. -ur-ac

-Ponded water

a. Sloping ice layer.

Snow Surface

Accretion

w n in a Ponded Water b 7 hae can de

b. Horizontal ice layer.

Figure 11. Effects of sloping and horizontal ice layers on vertical water movement through pores
w and drains Q in a snowpack (after Colbeck 1973,1978). Vertical drainage channels can develop

that effectively increase percolation rates, but cause retardation and lateral flow downslope.
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The process of water movement through the Colbeck (1979) has shown that within snow-
snowpack is dominated by gravity (Gerdel 1945) packs that are complex and stratified, the calculat-
and can be described generally using Darcian flow ed surface flux for the gravity flow theory overes-
theory for an unsaturated, homogeneous, porous timates peak flows while underestimating the tim-
medium (Colbeck 1971, Colbeck and Davidson ing of runoff. Dunne et al. (1976) have shown that
1973). According to Darcy's law, the volume of these inaccuracies result from the heterogeneous
water flowing per unit area per unit time (u) is nature of the snowpack, which is not considered

by this model. Improved predictions using the
u = (Ki/,l)[apc/az +P,•i (16) gravity flow model could result if field measure-

where K, = permeability ments of the surface and bottom fluxes of the pack

= water viscosity are used to calculate values fork -1/3 o01, thuseffec-

p = water density tively integrating the effects of the snowpack's
apc/dJz = capillary pressure gradient characteristics on the timing and magnitude of

g/ = aca tiary presse gravinty wave front propagation and water flux (Colbeck
g = acceleration of gravity. 1977).

Colbeck (1974b) has shown that the pressure gradi- Runoff prediction can be significantly improved

ent related to capillarity can be ignored in the case by modeling the heterogeneous nature of flow in

ofarapidly metamorphosingsnowpackand, there- complexly stratified snowpacks, which actuallyof arapdly etaorposin snwpakand thre- have multiple flow paths, as well as distinct flow
fore, the volume flux of water in the unsaturated hane ls flow ialso affete by intenlvr
snowpack is given by channels. Flow is also affected by internal varia-

tions in permeability and the transient ponding of

u = cZKS*3  (17) wateron ice layers(Colbeck 1979). These complex-
ities can be somewhat simplified by considering

where (x = a constant = p, gi,'- simultaneous flow down a series of flow paths,
K = intrinsic permeability with the flux of water within flow channels consid-

S* = effective liquid water saturation or the ered separately from a background flow or flux of
fraction of pore volume with moving water associated with propagation of the wetting
water (Colbeck and Davidson 1973). front.

Colbeck (1979) modified his original gravity
The latter term can vary greatly, depending upon flow theory (Colbeck 1971) to account for the
themagnitudeofsurfacewaterfluxandthesnow's generation of flow "fingers" at crusts, for flow
permeability (Colbeck 1977). down existing drainage channels, and for tempo-

Waterseepage through thesnowpack with time rary ponding on ice layers. Flow channels are
is then given by generated in dry, cold snow as "fingers" that prop-

1/3 1/3 1 agate from fine-grained crusts ahead of the wet-
3 = k 0 ,,3u/.(18) ting front, leaving behind dry, cold snow. After

dt 1, flow fingers are established by the first movement

where dz/dti -- rate of downward movement of of water throughasnowpack, they become prefer-
the flux ential paths for later waves of meltwater because

o= effective porosity[%o = o(1 -Sw)] of the grain growth and permeability increase
o= porosity within them. Larger-grained flow channels and

Sw= water held by capillary forces drainage channels in ice develop subsequent to
(Colbeck and Davidson 1973). flow fingers. Flow fingers, as well as channels, are

thus critical to routing water through a layered
Sw, is relatively small, as capillary forces are not snow cover and contribute a substantial amount to
transmitted readily within snow (Colbeck 1979). the overall flux of meltwater through a snowpack.
Equation 18 expresses the important relationship Multipath flow is considered in terms of wet-
showing that larger values of flux move more ting front propagation over time t (Colbeck 1978)
quickly than smaller values of flux, and that at any d4
given depth, the passing diurnal wave of melt- ta 1/3k1/3 (ulit+ u3'+ u 2 /3) (19)
water is first characterized by a rapid increase to a dt
peak value followed by a slower decline, and an where • = depth of the wetting front
extended recession that results in a continuous (X = constant as in eq 17
flow of water at depth. = effective porosity
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ul = water flux feeding the wetting front another, and the number, size and properties are
U2 = water flux ahead of the wetting front based upon judgment and whatever data are avail-
k = intrinsic permeability, able.

Total flow (u) is then the summation of the
The flux of water is a function of the intrinsic contribution of each flow path ()
permeability and effective saturation (S*)

u = okS*3. (20) u uif1  (24)

The flux of water through each finger (J) is related and the average snowpack properties can be de-
to the flux of water arriving at the crust layer (u-) as fined from

f= E (21) 0 N I 1 (25)3/212/3
k 13'lf•~ (25)

where • is a constant greater than 1, and the num-

ber of fingers (n) is also proportional to the flux (n and based upon measurements of input and dis-
=cu).

The rate of propagation of an advancing finger charge. Flow must be routed along each path
is then described by separately and based upon properties assigned to

it.
V = O+ 1/3kl/3-2/3-2/a 1-1/3 2 Below the seasonal snow cover, density gradu-

k 3 (C / + C U+U) (22) ally increases with depth as the snow densifies
0e

into firn, predominantly as a result of regelation

where u is the flux feeding the crust that generates (Colbeck and Parssinen 1978). At increasingly
the finger and u2 is the flux being overtaken by the greater depths, the dense snow changes from firn
rapidly advancing finger. The effects of ice layers into glacier ice, with the most rapid transforma-
on storage and reducing overall infiltration rate tions aI-o taking place when meltwater is present
can also be considered in a step-by-step iteration (Shumskiy 1964). The depth at which ice trans-
using forms apparently differs from glacier to glacier

and ranges from as little as 13 m to over 40 m in
V = 1 •oL W1 /ak (23) temperate regions where meltwater is important

8 (e.g., Paterson 1981).
When a seasonal snow layer overlies glacier ice

where V, the volume of ponded water, is related to in the ablation area, a fully saturated horizon
the infiltration reaching the ice layer (I), the dis- develops above it, especially early in the year
tance between drains (L), the snow porosity (0), when the uppermost part of the ice is seasonally
and the snow permeability (k). frozen and water is kept from entering the glacier.

To apply this model, as Colbeck (1979) illus- Flow within this saturated layer can also be treated
trates, requires construction of the flow field fol- using Darcy's law as (Colbeck 1974a)
lowing eq 18 and propagation of the wetting and
finger fronts by eq 19 and 23 respectively. Dis- u = -(k/•l) (ap/ax - pLg0) (26)
charge is then calculated by combining the flux of
each component over its fractional area. The effec- where k = permeability
tiveness of this model is clearly related to the g, = water viscosity
amount of data available on the state of the snow- Pl= water density
pack, including the number, thickness and depth x = distance measured along the slope

of crusts and ice layers, dimensions of fingers and g = acceleration of gravity
channels and related snowpack properties. These 0 = slope of ice surface.
data are generally not known in detail, however,
thereby limiting practical application of the model Because metamorphism takes place rapidly under
at this time. saturated conditions, the grain size is larger than

A simplified version, in view of the lack of data, in the overlying unsaturated snow and the effec-
was also proposed by Colbeck (1979). It modifies tive permeability and thus seepage iates are high-
the gravity flow model to consider multiple flow er in the saturated zone. In addition, frictional
paths, each of which acts independently of one heating opens and enlarges channels within the
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lower-most part of the saturated layer as melt is depressed around glacial drainage features such
increases, thereby decreasing runoff response times as moulins and crevasses (Schommer 1977, Lang
later in the melt season. The flux of water (u) et al. 1977). Calculations of water storage within
through this layer is therefore given by (Colbeck the firn area of Cascade Glacier were made by
1974a) Fountain (1989), who concluded that a 1.25-m

tL seasonally saturated layer of water formed, repre-

u= cksO W I(t)dt (27) senting about 12% of total meltwater storage with-
ud in the glacier. This water layer fluctuated daily

after the seasonal production of meltwater was
where 0 = layer porosity sufficient to fully saturate it. Water flow in this

ks = layer permeability saturated horizon can be defined according to eq
I = infiltration rate 26 following Colbeck (1974a).
L = length of flow
0 = slope angle Glacier drainage
ca = constant. Meltwater flowing from the seasonal and per-

manent snowpacks either discharges at the firn
The duration of flow over a length L occurs over line onto the glacier surface within supraglacial
time (tL - t.) and is given by channels, or enters the glacier directly through a

Lo variety of ways. The internal drainage system is
h.- to = _ (28) complex and knowledge of it is based to a large

(xkO degree on theory, with only limited field measure-
ments and observations.

Water flow in the basal layer of the snowpack The idealized drainage system within temper-
integrates the diurnal water fluxes from the unsat- ate and subpolar glaciers (Fig. 12) consists of 1)
urated zone, with the extent of integration into a small veins (micrometer size) feeding progres-
single flow front determined by the slope angle sively larger tubes (millimeter size) and conduits
and the length of flow to the point of discharge (centimeter size and larger) with increasing depth
from the snowpack. below the ice surface, and 2) larger drainage sinks,

Runoff from the permanent snowpack or firn of including moulins and crevasses, which feed sur-
the accumulation area is more complex than in the face meltwater directly into conduits that likewise
ablation area. Here, not only must the seasonal eventually join together at depth as an arborescent
snowcover undergo melt-metamorphism and (tree-like) system of passageways (e.g., Shereve
drainage develop, but flow paths through the 1972, R6thlisberger and Lang 1987, Hooke 1989).
underlying, denser "aged snowpack," which is At the bed of the glacier, the subglacial system may
being constantly altered by compression, compac- consist of both a series of conduits, which may be
tion and regelation to form glacier ice, must devel- linked together by cavities, and of one or more
op. In the first case, the gravity flow theory can be larger tunnels (greater than 1 m in diameter) into
applied(e.g.,Ambachetal.1981).Inthelattercase, which the majority of the conduits feed. There
for which there are few measurements, vertical probably is a thin film of water at the bed in those
water movement and retention within the firn or areas removed from conduits or tunnels.
permanent snowpack may be related to intergran-
ular processes and flow in small tubes or capillar- Englacial
ies as occurs in true glacier ice (as described later). Nature and behavior. Both the existence and sig-

There often is a saturated horizon within the nificanceof intergranularfloworseepageof water
firn of temperate glaciers that acts as an uncon- through glacier ice remain the subject of debate.
fined aquifer, storing water and retarding its move- Nye and Frank (1973) have argued that thereshould
ment into the glacier's drainagesystem. The upper be free drainage in temperate glaciers through a
surface of this saturated layer or water table varies system of veins along three-grain boundaries (Fig.
in depth from several meters to 40 m or more (e.g., 13), and that such veins should join at four-grain
Sharp 1951, Vallon et al. 1976, Schommer 1977, intersections as nodes (Fig. 14) to form a network
Oerter and Moser 1982, Ostling and Hooke 1986). of capillary-size tubes (Nye 1989). Raymond and
Its configuration roughly approximates that of the Harrison (1975) found veins in Blue Glacier, Wash-
ice surface, but is progressively deeper with dis- ington, of up to 25 pm in diameter in ice cores from
tance up-glacier of the equilibrium or firn line, and depths to 60 m. They concluded that, owing to a
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variety of factors, drainage through such veins
was negligible. Calculations suggested discharge
of less than 10-1 m year-r. Llboutry (1971) has

F 1 e argued against the importance of intergranular
er e ae. flow, as processes such as deformation and recrys-

Watr %I tallization are likely to close veins, and air bubbles
bawithin the veins are likely to block free flow. InIce contrast, Wakahama et al. (1973) described water

drainage through an intergranular vein network
at rates of 10-7 to 10-s m s-1, while Berner et al.
(1977) calculated rates of 7.6 x 10-8 m s al.

Raymond and Harrison (1975) also found 1- to
Figure 13. Geometry of water vein at a triple grain 2-mm tubular conduits within ice cores from 9.6-
junction (after Nye and Frank 1973). and 20-m depths, the former exhibiting an upward

branching network of several tubes. In contrast to
intergranular veins, they concluded that a few
such capillaries per square meter of the glacier's
surface would be sufficient to drain the season'sS, f •ablation runoff of 25 nmm day-' or 9 m year-' at Blue

S~Glacier.
! Theoretical analyses by Shreve (1972) have sug-! • j••gested that such small veins and tubes are likely to

i grow with depth into the glacier, under the as-
sumption that the release of potential energy with

S~discharge results in more heat being generated per

unit of wall area in the larger, rather than smaller,
veins. Thus, they will expand more rapidly and
increase in size at the expense of smaller veins to
develop a tree-like network of conduits fed from
the surface by intergranular seepage. R6thlisberg-

Figure 14. Veins and nodes in polycrystallineglacier ice er's (1972) analysis of conduit flow hydraulics also
(after Nye [1989) as modified from Smith [19481). indicates that, on the basis of head losses in com-
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Figure 15. Longitudinal section of a glacier illustrating upglacier dipping equipotential surfaces and directions
of englacial water flow (Shreve 1972). Near larger conduits, equipotential surfaces bend up-glacier, resulting in
diversion offlow into smaller conduits and veins towards the larger conduits (after Hooke 1989).

peting parallel channels of different size, conduits where s is along an arbitrary direction in which 0
should progressively enlarge and coalesce with is constant, x is horizontal distance, and dz/dx is the
depth. angle of the equipotential surface.

Shreve's analysis examined the overall flow We find equipotentials to slope downward in
pattern and the trend and orientation of veins and the up-glacier direction at about 11 times the slope
conduits by defining a hydraulic potential (0) for of the ice surface (Fig. 16). The general direction of
the drainage network that is primarily a function drainage perpendicular to equipotentials D is giv-
of ice pressure (Fig. 15). Flow is expected to be en as the angle 8
normal to equipotential surfaces, defined by

8 = arctan p, cos a (tan a) (32)
0 = 0D + p(gZ + prg(H - Z) + p(i) (29) pw - A cosa

where 0• = reference potential where a is surface slope. Thus, water will tend to
p. = density of water flow steeply downwards in the direction of areas
p., = density of ice with a gentle surface slope, but the flow will be-
g = acceleration due to gravity come more nearly parallel to the surface as the
H = elevation of glacier surface surface increases in steepness.
Z = elevation of a point within or at the At the bed or in the subglacial flow system,

bed of the glacier Shreve's theory indicates that water will move
r = rate of conduit closure by plastic flow perpendicular to the intersection of the equipoten-

of ice tial surfaces with the bed. Thus, the direction of
p(r) = pressure that is a function of i and is flow may not be in the direction of maximum bed

related to the difference in pressure slope, but may in fact be diagonally across such
between water in a conduit and ice
adjacent to the conduit. 30o

The second and third terms of eq 29 are the poten- °a
tial energy of water from its height above a datum, 1 3'
and the pressure in the water from the overlyingie
ice respectively.

By differentiating eq 29 with respect to distance
s, setting the result to 0 and solving

-(p,, - pi) s dz/ds = pig dH/ds (30)

or Figure 16. Inclination 8 of equipotential lines (solid)
with seepage gradients (arrows) indicated for various

dz/dx = -pi/(pw - p,) dH/dx (31) surface slopes x (after Rothlisberger and Lang 1987).
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Figure 17. Moulin fed by supraglacial stream in the ablation area of the Mataniuska Glacier,
Alaska. Waterfront this mouli discharges subglacially at the glacier's term inius. The opening at
the ice surface is about 15 mn wide; the conduit fe'd by the moulin is about 2 in wide, but narrows
at depth.

slopes. Movement of water up an up-glacier dip- enter the glacier through much larger passage-
ping bed (against glacier flow) is also possible. ways created in the process of glacier flow and
However, such conclusions need to be tempered deformation (Fig. 17). Fracturing and crevassing
because water may tend to flow in existing chan- are the primary means of establishing vertical
nels in the bed, rather than creating new ones passageways into the ice. Crevasses form where
(R6thlisberger and Lang 1987). This still depends tensile stresses exceed the tensile strength of the
on equipotential orientations and on localized pres- ice, either through changes in the stress field along
sure variations as the ice flows around meter-scale the ice flow path, or through changes in the stress
objects in the bed. field generated by subglacial water pressures.

The actual existence of this intergranular-fed Moulins, sink holes in the glacier surface, appear
conduit flow system has not been fully verified to form when supraglacial streams are intersected
and its importance to total volume of runoff is by a newly formed fracture or crevasse, the water
unknown. The volume of surface water reaching plunging into the base of the opening. If the cre-
the subglacial drainage system in this mode is vasse has intersected an active englacial conduit,
proba''' a small percentage of the total glacier water may then freely drain through it. In other
runo. I d;ring the peak of the melt season. If parts cases, energy released by descending water may
of the g,:cier are seasonally or permanently below rapidly enlarge any smaller passageways to
the melting point in a layer near their surface (e.g., accommodate this water and establish drainage in
Hooke et al. 1983, Rdthlisberger and Lang 1987), conduits to greater depths (Hooke 1984, Holm-
water is prevented from seeping intergranularly. lund 1988).
Seasonal low temperatures in the ablation area, for Robin (1974) and Weertman (1974) have also
example, can cool ice to below the pressure-melt- hypothesized that a crevasse that fills with water
ing point and create frozen, impermeable near- could propagate downward to the bed simply in
surface layers. response to the difference in density of the water

In addition to seepage through veins or capil- relative to that of the ice. As the excess pressure
laries, surface-derived meltwater and rain water created by the pooled water increases with depth,
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90 - 45

a. Orientation of the principal stress deviator Y' as a b. Hypothetical relationship among stress field, cre-
function of depth y in the glacier. vasse propagation, drainage and pothole formation.

Figure 18. Crevasse propagation and englacial drainage (after Rithlisberger and Lang 1987).

the cracks tend to extend preferentially down- ing annually. Such closures affect the location of
ward but also tend to dip down-glacier and flatten drainage from the surface to the glacier's bed and
as they approach the bed in response to the exist- can alter the timing and volume of discharge. Fol-
ing stress field within the ice (Fig. 18). Crevasse lowing complete closure when water flow is lost,
propagation would provide large drains for melt- a new passage to the subglacial drainage system
water; potholes commonly found in bedrock of must be established to transport the annual supply
former glacier beds may be evidence of this pro- of meltwater and meteoric water that is on the
cess. glacier's surface during the melt •eason.

Conduits leading from the bottoms of moulins The precise nature of the englacial drainage
or crevasses, which may be up to 30 to 40 m deep, system below moulins is basically unknown. Only
wander in the general direction of the source cre-
vasse, possibly joining other conduits. Eventually,
they plunge down near-vertical conduits at great- HonzonW Diaco (in)

er depth below the moulin (Holmlund 1988). Indi- 0 s o 0 1 1

5
rect field measurements of a moulin conduit's 19

orientation showed it to gradually change from
near-vertical to a lower angle of inclination in the
down-glacier direction (Iken 1972, 1974) consis-
tent with the equipotential concept of Shreve (1972) 61

(Fig. 19). Calculations by Hooke (1984) on the
other hand, suggest that, for veins and conduits
greater than 3 to 4 mm in diameter, melting of
passage walls by mechanical energy would result o100 106
in faster melting on the gravitationally lowest side,
increasing in rate with depth, and thus resulting in
a near-vertical conduit orientation that would be
enhanced by glacier flow. 156 159

The length of time over which moulin-fed con- 150

duits remain open at the glacier surface appears to 194
vary, with a rather limited number of observations 2M 213
(e.g., Hooke 1989) suggesting I to 2 years, or possi-
bly longer. Conduits will close through plastic 20I 1 1

flow of ice, but water input will affect the size of
the opening and determine whether plastic flow Figure 19. Indirectly measured slope of conduit
results in closure. Seasonal reductions in melt draining moulin on White Glacier, Axel Heiberg
water flow could therefore result in conduits clos- Island, Canadian Arctic (after Iken 1974).
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a few visual observations have been made (e.g., Significant questions concerning the nature of
Carol 1947, Holmlund 1988). Dye tracing studies water flow within englacial conduits remain. Pa-
ormeltwaterchemical analyses (e.g., Behrensetal. rameters including conduit size and shape, pres-
1971, 1982, Collins 1977) indirectly indicate the sure variations within conduits, and thermal con-
existence of relatively direct routes of conduits to ditions around conduits affect theoretical treat-
terminus streams in some instances, as well as ments of drainage, yet there are few measure-
relatively slow flow along indirect and possibly ments of such parameters. Prevailing theories are
tortuous routes in others (e.g., Stenborg 1%7,1973, therefore based upon limited field measurements
Ambachet al. 1972, Krimmelet al. 1973, Burkimsh- and remain relatively simple.
er 1983, Oerter et al. 1985, Seaberg et al. 1988, Willis Theoretical treatments.Water flow within con-
et al. 1990). In some cases, the complete loss of the duits has generally been examined theoretically
dye tracer suggests that meltwater is being stored for a circular shape, with variations in hydraulic
internally and that the system locally lacks a direct pressure being treated as a function of changing
connection between the moulins and terminus boundary conditions along the channel length
streams. The same glacier may exhibit different using numerical integration (R6thlisberger 1972,
drainage patterns, with both rapid, direct conduit- Shreve 1972, Weertman 1972, Spring 1980, Spring
to-terminus stream drainage and slow through- and Hutter1981,1982, Lliboutry1983, Hooke 1984).
flow of meltwater discharges (e.g., Willis et al. Each theory isbased upon theconcept that conduit
1990). size is determined by the rate of frictional melting

Whether the drainage system consists mainly of ice walls by flowing water, and the rate of
of downward coalescing (or upward branching) conduit closure is determined by plastic deforma-
conduits or of more discrete and separate conduits tion of the ice resulting from an overburden pres-
feeding the subglacial drainage system remains to sure that exceeds the water pressure within the
be resolved. Conditions, including the nature of conduit. Further, thermal conditions are consid-
subglacial drainage and bed properties, and the ered, particularly the gain or loss of energy as
nonsteady conditions of both water input and ice water adjusts to the pressure-melting point. Gla-
flow with time, have feedbacks that complicate cier surface topography, conduit location within
simple theoretical treatments of conduit behavior the glacier and discharge are additional factors.
and drainage system characteristics. Near the surface, and possibly to depths of 100

m, atmospheric conditions may be common,
depending on discharge (Hooke 1989). At greater
depths, however, conduits will probably be under
hydraulic pressure most of the time, and theoret-
ical treatments typically assume this. The exist-
ence of air cavities and hydraulic pressure varia-
tions resulting from changes in channel configura-
tion and other conditions will therefore affect the
applicability of theoretical treatments (R6thlisberg-
er 1972). Near the point of conduit discharge at the
glacier terminus, atmospheric conditions are com-
monly assumed (Fig. 20). Such simplified condi-
tions, however, are not always applicable and
water can emerge under pressure in termini that
end on land or in water (Fig. 21).

Under steady-state conditions and constant dis-
charge Q, a conduit of unit length ds will remain at
a given size (and pressure) if the effects of ice
deformation to close the passageway are offset by
melting of conduit walls as determined by heat
transfer between the water and ice (Fig. 22). Thus,

Figure 20. Large tunnel or portal at the margin of the volumetric change resulting from melting or

Maclaren glacier. Atmospheric conditions prevail in freezing is balanced by ice flow and is expressed as

such instances (see man next to tunnelfor scale) (photo
by E. Evenson). mf +Mp =mc (33)
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Figtire 21. Water cner.,Zin'g at the Pillr\'in (If the Alatanui4a Glacier, Alaska. I lere. siiblacialh, feid condudits remiain
witiiir ;'resszire.

wvhere tilt = VOIlumetric fictional melt rate The frictional melt rate niti is then Calculated
?ip= VOIlumetric rate of melting (freezing) using the relationship (ROthlisberger and Lang

related to changes in the pressure- 1987, after R~thlisberger 1972)
melting point along the flow path

yi,= volumetric rate of conduit closure by 1f=CiP "Q( fs=C l
plastic ice flvv i- = 1R -:ld -

For a conduit element of incremental length dls, the (34)

incremental pressure loss is equal to the change in w\here Cr energy of fusion
piezometric level (dlf = _f2 - fl) along it (measured p = density of ice
relative to a horizontal datum), while the incre- p(,, density of water
mental change in water pressure is ill, = 1,- 1'1; dif g acceleration due to gravity
is therefore the gradient of prsure loss because of Q =discharge

friction. C, constant.
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Figure 22. Idealized sketch of elements in computation
A of water pressure in ice-walled conduits of circular

Pkaonetc Pressure WAN pngejn cross section (after R6thlisberger and Lang 1987).

The length of the conduit element ds is defined where Ct = change of pressure -melting point with
using standard Cartesian coordinates (Fig. 22) as pressure

C., = specific heat capacity of water (Table 2)ds =Vsdx2 + d y2+d Z2 (35) C2 = constant.

Ct for pure ice and water is 0.074 kPa- 1, while for air-with ds positive in the direction of flow. For a sautewtran preieti 098k -.

conduit sloping at angle 13, water pressure change saturated water and pure ice it is 0.098 kPa-'.
becomes The values for the constants C1 and C2 are calcu-

lated using numerical values for the physical con-
stants of ice and water at 0(C (Table 2); for pure ice

dp = -df +ds sin3. (36) andwater, C1 =3.21x10-5m-1and C2=-10-sm-1.For

13 is positive. The rate of melting or freezing along air-saturated water, C2 = -1.33 x 10-s m-1. Insuffi-
the conduit wall ?hp is cient data currently exist to determine which value

of C2 is appropriate. Rothlisberger and Lang (1987)
ss) Issdp agreed that changes in gas concentrations along the

rds =ds conduit length are unlikely and, on the basis of CO 2measurements by Metcalf (1984), concluded that an
(37) undersaturated condition can be justifiably assumed.

Table 2. Physical constants of ice and water at 0WC and related properties (after

Rdthlisberger and Lang 1987).

Symbol Property Quantity Unit

g Acceleration due to gravity 9.807 m S-2

PW Density of water 999.8 kg M-
3

Pi Density of ice 916 kg M-3

cw Specific heat of water 4.217 x 103 J kg-1 K-1

Cm Energy of fusion 3.34 x 10 J kg-1

Ct,0 Change of pressure-melting point with
pressure (pure water) -7.4 x 10-8 K Pa-1

C" Change of pressure-melting point with
pressure (air-saturated water) -9.8 x 10-' K Pa-'

1 Viscosity of water 1.787 x 10-3 kg s-1 m-1

A Ice deformation coefficient used by various authors
Paterson (1981) 0.167 bar -3 a-'
Hooke (1984) 0.244 bar -3 a-'
Lliboutry (1983) 0.232 bar -3 a-'
Rdthlisberger (1972) 1.00 bar -3 a-1

n Exponent in the power law of ice deformation 3.00

k Hydraulic roughnes parameter for various conduits
Smooth 100 m1 /3 S-1
Medium 50 M1/ 3 s-1
Very rough (torrent) 10 Mr/ 3 s-1
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Lliboutry (1983) and Hooke (1991) favor the use of of water pressure p, or hydraulic gradient (-df/ds).
larger values for air-saturated water. For steady state in a sloping conduit (angle 0), the

Conduit closure rate assumes radial ice flow relationship for dp follows eq 38, with the tanft
across the circular conduit cross section and mc is equaling the conduit slope. Thus, following R6th-
defined by the relationship lisberger (1972, eq 20, p. 185), who derives this

expression in more detail, the governing equation
?= 2rmids = 2irr 3An"(pi - pw)"ds (38) for water pressures within a conduit is

where r = conduit radius [p_ + g tan /8
= rate of decrease in conduit radius -ds 0

A = ice flow law deformation parameter
pi = pressure of overlying ice at the wall [dp, +] 3/8dpw

(expressed as [pi - pwIh costa, water - 0. 31 6 [+Pwgtan j ds
column height)

Pw= water pressure in the conduit Dk-3/4(nA)-" Q-/4 (cos 0)-n/8 (pi - p,)"
n = exponent in the flow law of ice (Nye

1953). (43)

The flow law of ice is assumed to follow the where D is related to ice and material properties
general form of by 23/2 I 11 4 Cm p1(pwg)3/ 8 = 3.63 x 1010 (N M2 ) 1 1/8

M- 3 / 8 from Table 2.
= (/AY' (39) This relationship (eq 43) can also be expressed

in terms of the pressure or hydraulic gradient
where Tn is effective shear stress and i is effective -df/dx
strain rate.

Discharge Q is defined in terms of either lami- (d1/j 8  g tannar flow (-- x ) + 0.462pw g tan d\-x )

Q = P -g r4 (40) Q D
d (n A - Q/4co 5-]/(p, p r

0.684k-3/4

where il is the viscosity of water, or turbulent flow (44)
as (Rdthlisberger 1972) (Rothlisberger 1972). An alternative relationship

Q = 2-2 3nkr3/8(- fdA1/2 (41) for the steady state has also been developed by
(_ ds) Nye (1976) in terms of the effective pressure N = pi

where k is the hydraulic roughness factor. Turbu- - p as

lent flow has also been represented by the Darcy- = [(v(Os)(P4g5)]'"Q1/4(
Weisbach law (Spring and Hutter 1982), in which 1 KL= QNT )
discharge is proportional to the two-fifths power
of r, rather then the three-eighths power. Here vi = 1/pi = specific volume of ice

Substituting for r using a generalized relation- pw = density of water
ship for Q from eq 41 and 42 in eq 40, we see that pi = density of ice

=CQp-pw -Ydss K = viscosity constant proportional to A
e = C3 Q pi - (-ds) (42) (ice deformation parameter)

L = latent heat
where exponents q and n are determined from eq g, = downslope acceleration
41 and 42 and the factor C3 varies with conditions NT = turbulent drag coefficient.
in the particular reach of the conduit (Rothlisberg-
er and Lang 1987). Factors such as mode of water Because the hydraulic gradient is inversely re-
flow (turbulent, laminar), channel roughness and lated to discharge (-df/ds - Q-b, where b is a con-
ice flow deformation will cause C3 to vary spatially stant related to the nature of flow), large discharg-
and temporally within the drainage system. Expo- es are associated with smaller potential gradients
nents b and m are less than 1. and hence lower water pressures, and smaller

The relationshipineq35canbedefinedinterms discharges with higher hydraulic gradients and
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higher water pressures (Rbthlisberger 1972). Thus, a
for example, seasonal decreases in discharge
under steady-state conditions may result in higher
water pressures in winter than in summer. There-
fore, where adjacent conduits are constantly
discharging, water will tend to drain from the A

smaller-diameter conduits into larger-diameter
ones, in keeping with the concept of an arbores-
cent englacial drainage network as described by 8
Shreve (1972) and Hooke (1989).

Changes in the orientation of the conduit rela-
tive to that of the glacier surface and thickness,
other factors remaining constant, can significantly
alter water pressures (pw) within them, and thus
influence whether they will contract or expand.
These variations along the length of flow define Figure 23. Hydraulic terms of Rothlisberger (1972)
the hydraulic grade line (Fig. 23). Of particular illustrated for idealized conduit in a glacier cross sec-
consideration for runoff are a conduit's stability tion (after R6thlisberger and Lang 1987). Water enters
for different slopes and orientations relative to ice a moulin at ice surface (Q). Dashed line A represents the
flow and thickness variations. Figure 24 illustrates height of the water column equivalent to the overburden
changes in these parameters and the resultant pressure, or water equivalent line. Solid line B represents
configuration in the hydraulic grade and equiva- the height to which water under pressure within the
lent lines. In the situation where conduits descend conduit would be free-standing in an open borehole, or the
under ice that slopes down-glacier (Fig. 24b and c), piezometric pressure or hydraulic head variations and the
pressure flow can only occur it a sufficient depth hydraulic grade line.
such that ice flow compensates for ice loss from
frictional heating (Rothlisberger and Lang 1987).
Therefore, in glaciers that are relatively thin (less tially close conduits (R6thlisberger 1972). Ice
than 100 m or so), flow would generally be under growth with a constant discharge could cause
atmospheric conditions incircularconduits (Hooke water pressures to rise, exceeding ice pressures.
1984). Hooke et al. (1990) concluded, however, Hooke (1991) has suggested that water pressures
that conduits that were broad and low tend to could actually increase to the point where water is
dose more rapidly than circular ones and thus forced out of conduits into the interface between
maintain pressures under thinner ice near the the glacier's sole and its bed.
terminus. Under nonsteady conditions, in which discharge

In the situation where conduits are ascending varies in magnitude with time (conditions that are
(dipping up-glacier) atananglemuch steeperthan more representative in general of water flow in
the slope of the ice surface (Fig. 24d), the hydraulic glaciers and particularly during large magnitude
head or piezometric pressure may equal the over- floods), water temperatures and the rate of heat
burdenpressure, whereupon thewaterequivalent transfer along the length of flow are important
line of overburdenpressure is thehydraulicgradi- factors. The extreme case of nonsteady flow is
ent of flow. Frictional heat is balanced by the heat outburst floods (6kulhlaups) from ice-dammed
required to warm the ascending water to the in- lakes (Nye 1976, Spring 1980).
creasinglyhigherpressure-melting point (Rdthlis- Discharge, frictional heating and the rate of
berger 1972). Because water and ice pressures are heat transfer, which depends on the initial water
equal, ice flow will not close the conduits and new temperature, all change during such outbursts.
ones cannot form because of the required balance During the initial phase, the potential discharge is
in heat. This situation characterizes conduits as- greater than the conduit can transport; frictional
cending at about 30% steeper gradient than that of heating enlarges it to increase discharge. Con-
the ice surface. If the bed slope is 1.5 to 2.0 times versely, reduction in discharge during flood reces-
steeper than the surface slope (depending upon sion would produce conduit contraction under
the degree of air saturation of the water), heat loss steady-state theory. If heat transfer is considered,
will exceed heat gain and supercooling of the however, heatisactually lostby transport to outlet
water may cause ice growth to maintain the water streams as discharge increases and conduit growth
at the pressure-melting point. This could poten- is thus limited. If water temperatures are initially
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Figure 24. Orientation of conduit relative to ice flow sureat thedischargepoint attheterminusandother values
and surface slope under different ice overburden pres- for physical constants given in Table 2. Curves (2) use A
sures (water equivalent line) determine conduit pres- = 0.167 br-3 a-' and (3) use A = 1.00 bar-3 a-'. For case
sures and stability (after Rothlisberger 1972). Conduit (a), conduitandsurfacearehorizontal;forcase(b), bothare
hydraulic heads orpiezometric pressures (hydraulic grade at low angles dipping down-glacier;for case (c), the surface
lines) were modeled by Rothlisberger (1972)for constant dips down-glacier more steeply than the conduit; and for
discharge Q = 10 m3/s, channel roughness K = 10 mW/3/s case (d), the conduit dips up-glacier, in the opposite direc-
and n = 3. Calculations assumed Pw at atmospheric pres- tion of the surface slope.
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S'. Figure 25. Heat transfer considerations in the

stability of ice conduits draining a large reser-
voir of water on pressuregradient vs. discharge
plot. Below the curve, insufficient frictional heat
"results in conduit closure. Above, surplus heat
enlarges the conduit. Dashed line shows closure or
enlargement (arrows) if heat transfer is neglected.

-d-s )n '"Right of the dashed line along the solid line, con-
duits are stable under increasing discharge; below

- the solid line and left of the dashed line they are
log R unstable (from Spring, unpublished data [after

Discharge Rothlisberger and Lang 19871).
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at the pressure-melting point, conduit growth may The effects of changes in discharge with time
be inhibited, high hydraulic pressures maintained can also be evaluated using repeated numerical
and discharge limited. integration of the steady-state theory along the

Spring and Hutter (1981, 1982) have derived length of the conduit. An example of temporal
equations for the nonsteady-state conditions of variations in discharge are harmonic fluctuations
water flow in conduits or tunnels, considering that take place diuranlly (Fig. 26). For a discharge
both varying discharge and the effects of heat with high-frequency fluctuations, over periods
transfer on conduit growth or shrinkage (Fig. 25). ranging from a few hours to a day, the geometry of
Solutions are not generally straightforward, how- the conduit cannot respond to the fluctuations and
ever, as there are nine unknown parameters, which the pressure head varies in phase with the dis-
can vary with time and changes in discharge. charge (Rothlisberger and Lang 1987). For very
Significant simplifying assumptions are thus re- long periods of a year or more, conduits may ad-
quired to resolve the problem. just to a near steady state for the existing condi-

tions and, as a result, pressure variations are out of

a. I I I phase with discharge variations in accordance

400 . with the simple steady-state theory. In essence,
larger discharges are associated with lower hy-
draulic pressures and vice versa.

'9300 Subglacial
Water flow in the subglacial environment is

more complex and less understood than strictly
e 200 englacial water flow. As with englacial drainage,
Cl subglacial theoretical models are based upon lim-

a.. ited field observations and measurements.
100- Subglacial drainage may take place in intercon-

nected conduits or tunnels (conduit-tunnel sys-
tem) (R6thlisberger 1972), in smallerconduits that

I I I I 1 I link cavities in the bed (linked-cavity system)
0 2 4 6 8 10 (Walder 1986, Iken and Bindschadler 1986, Fowler

Time (days) 1987a, Kamb 1987) or in the absence of channels, as
0b. a thin film between the ice and bed (distributed-

S- flow system) (Weertman 1972, Alley 1989a). Chan-
I) -,nels at the glacier bed may be incised downwardsM 100
E into the substratum (Nye or N-channels [Nye 1973]),

or incised upwards into the ice (R-channels [R6th-
lisberger 1972]). Water may also flow, perhaps" 50-E 50preferentially, inexisting subglacial fractures,joints

-• or abandoned subglacial channels in bedrock.
Which forms of drainage are most important will

0 2 4 6 8 10 vary in response to various controlling factors,

C. Time (days) including the composition and topography of the
Boo Gac. glacier's bed, ice thickness, ice surface slope and

E Ulig cler water supply. The proportion of water carried by
S250 - -- - -~ Gra --d.-- each drainage system varies from one glacier to

A Canother, between different parts of the same gla-
cier, and in both cases, with time (seasonally and

0 5 10 15 annually) (Walder and Hallet 1979, Hantz and
Distance (kin) Lliboutry 1983, Iken and Bindschadler 1986, Seab-

Figure 26. Computer simulation of variations in piezo- erg et al. 1988, Hooke 1989, Fountain 1991, 1992).
metric water pressures (from Rothlisberger and Lang The prevailing direction of subglacial water
1987). Variations at points B and C are in (a) with dis- flow can be assumed to be normal to the contours
charge variations given in (b); locations of points B and C defined by the intersection of the Shreve equipo-
in idealized glacier configuration shown in (c). tential surfaces with the bed (Shreve 1972). In a
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glacier-scale sense, ice surface slope, ice thickness draulics (Spring and Hutter 1981, 1982). Atmo-
and bed topography influence channel location spheric conditions within tunnels and conduits
because of the general tendency for water move- may also prevail under the thinner ice near glacier
ment from areas of high to low piezometric pres- margins (Lliboutry 1983, Hooke 1984).
sure. Field evidence also indicates that existing
drainage features will, in effect, override other Bedrock beds
controls on direction and become preferential av- Although there are few quantitative treatments
enues of flow, rather than new channels being of subglacial drainage owing to a lack of data and
established (R6thlisberger and Lang 1987). direct observations, several physical models of the

The hydraulics of flow within subglacial con- nature of flow within different drainage systems
duits incised into glacier ice can be treated theoret- have evolved. The linked-cavity model of a sub-
ically using the steady-state approach of Rothlis- glacial drainage system developed on a bedrock
berger (1972) to determine the pressure gradient in substrate consists of an anastomosing series of
conduits under a constant discharge, as described channels linking cavities in the glacier bed, which
earlier. In the subglacial environment, however, are transected by and feed larger conduits or tun-
certain factors differ in their importance from the nels that trend generally toward the terminus
englacial environment and can have major effects (Kamb et al. 1985, Walder 1986, Iken and Bind-
on spatial and temporal differences in conduit or schadler 1986, Fowler 1987a). This model is based
channel hydraulics. While the type of passageway primarily upon measurements of water pressures
clearly affects flow hydraulics, channel cross sec- in drill holes and moulins, dye tracer studies of
tion, direction and magnitude of channel slope, water movement, analyses of the former beds of
and hydraulic roughness are important as well. glaciers, and ice velocity measurements in con-
Beds composed of unconsolidated gravel, for ex- junction with each of these.
ample, will have roughness factors 10 times or Theoretical treatments. Theoretical analyses of
more that of an ice-encased conduit (e.g., Rothlis- the hydraulics and stability of the linked-cavity
berger and Lang 1987). system and its interaction with the conduit-tunnel

While a circular cross section is generally held system-which basically follows R6thlisberger's
to approximate englacial conduit shape, conduits (1972) model-have been developed by a number
in the subglacial environment may differ consid- of authors (e.g., Walder 1986, Fowler 1986, 1987a,
erably from this idealized configuration, depend- Iken and Bindschadler 1986, Humphrey 1987,
ing upon related factors such as ice deformation Kamb 1987). Although the analytical approaches
rates, bed composition and bed roughness. Exist- differ, thebasic principles governing thehydrology
ing passageways or structural controls in bedrock of the drainage system models are similar.
may result in highly asymmetrical channel cross The interconnected or linked-cavity model rep-
sections. Recent field observations also have sug- resents drainage at the bed of a glacier as a series
gested that a low, broad profile may be a more of cavities of different cross-sectional areas and
realistic representation of conduits incised up- longitudinal sizes and shapes that are linked by
wards into or occurring within basal ice (e.g., short segments of conduit or channel called "ori-
Hooke et al. 1990). Water pressures in such con- fices" by Kamb (1987) (Fig. 27). Cavities are the
duits are higher than in those with the more com- result of the separation of ice from the bed where
monly assumed circular orsemi-circular cross sec- basal sliding is comparatively rapid, the bed is
tion (Hooke 1989, Hooke et al. 1990). Such broad rough and basal water pressures are high (Lli-
tunnels with limited height may be characteristic boutry 1968, Kamb 1970, Fowler 1986,1987a). Nor-
of adverse bed slopes where pressures are high mal stresses generated on the stoss side of topo-
and there is a relatively limited supply of heat graphic highs are larger than those on the lee side
available to melt conduit walls (Shreve 1985a,b). and result in ice separation on the lee of it (Fig.

Further, ice at or near the bed may locally 27b). Separation may be expanded by (or induced
undergo intense, enhanced deformation, particu- by) water under pressure that has access to the
larly in association with small-scale changes in stoss side low pressure zones. Thus, any point
bed topography, and affect closure rate as well aE where the normal pressure across the ice/bed
channel cross section. Additionally, water flow interface drops below the water pressure, the ice
being in contact with the bed and occurring under and bed will separate as the water enters it. Nor-
progressively thinner ice towards the terminus mally, large cavities tend to be isolated from one
influences discharge, heat transfer and flow hy- another; however, when the sliding velocities are
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a. Schematic of linked-cavity conduit b. Vertical cross sections AA' and BB'.
system, in map view, on a small area of Cavity areas are water filled.
the glacier bed. Areas of ice contact with
the bed are shaded, areas of ice-bed sepa-
ration (cavitation) are blank. Vertical
cross sections along lines AA' and BB' are
shown in Figure 21b. The large arrow
indicates the direction of basal sliding.
Water flow direction is indicated by small
arrows.

Figure 27. Linked-cavity drainage system (after Kamb 1987).

rapid enough and basal water pressures sufficient, nels. They differ in theory from Nye channels,
connecting conduits develop and provide hydrau- however, in being associated with bedrock rough-
lic connections between the cavities (Kamb 1987). ness rather than being channels eroded into bed-

Observations of the beds of former glaciers rock. Similarly, because they are linked to cavita-
(e.g., Walder and Hallet 1979, Hallet and Ander- tion processes, conduits or orifices tend to be ori-
son 1980) suggest that most cavities are relatively ented transverse to ice flow direction and their
small features, with heights of less than 1.0 m (but geometry is, in large part, controlled by ice sliding
variable) and lengths of several decimeters to sev- and ice flow rates (Walder 1986, Kamb 1987).
eral or more meters (e.g., Walder 1986, Kamb While the hydraulic parameters and processes
1987). The connecting channels are smaller (about considered in Rothlisberger's (1972) model for
0.1 m in height), but variable in dimension and are flow in conduits in ice are similar to those consid-
important hydraulically in controlling water flow ered in the models of the linked-cavity system, the
through the linked-cavity system (Kamb 1987). systems differ in the relationship of conduit geom-
These orifices or conduits transmit the water etry to the separation or cavity formation process
through the subglacial system and, as such, ice- and the roles of heat flux and water pressure. Heat
bed separation and the orifice geometry are more transfer resulting from viscous heating by water
critical hydraulically than cavity characteristics flow results in melting of the conduit and cavity
per se. ice roofs in the linked-cavity model as it does in the

The actual nature of the linked-cavity system conduit-tunnel system. Heat dissipation can there-
will depend in large part on the configuration and fore enhance cavity growth during periods of high-
dimensions of bed roughness features and their er water flux and increased water pressure, but
spatial distribution in relation tobasalshearstress, overall, it plays a less important role in compari-
water pressure and ice overburden pressure son to the mechanics of glacier slidingindetermin-
(Walder 1986, Kamb 1987). The existence and pat- ing and maintaining cavity size (Walder 1986).
tern of flow in the linked-cavity system are thus Heat dissipation may be critical if higher water
tied to the topography of the bed as in Nye chan- pressures result in excess ice melt and sliding
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Figure 28. Map view of linked-cavity system (after Kamb 1987).

rates, and lead to an unstable evolution from the Q= N c/2[g(x)pl'dx (47)
linked-cavity system to a Rothisberger-type con- 2- M C I
duit-tunnel system (Kamb 1987).

Let us consider the Kamb (1987) linked-cavity We assume for simplicity that ice melting during
model to illustrate the general relationships in the heat transfer from the flowing water to the ice
linked-cavity drainage system. Basic geometric re- r ans f romvti e flowits takes place
lationships and dimensional parameters of cavities roofs of cavities and conduits takes place at an
and conduit orifices assumed as "typical" for mod- equal rate per unit area in both features. Viscous
eling are given in Figure 28. heating is defined as the product of the water flux

We assume water flow through the linked-cavi- and the potential gradient (Pwgr aiA/oa, where aw is
ty system to be controlled primarily by the hy- density of water and gs is gravitational accelera-
draulic behavior of the conduit orifices. Hence, tion). Heat transfer is assumed to occur directly to
water flow is defined in terms of their geometry thetice roof andisdefinedintersofanequivalent
and, assuming flow is turbulent, can be described volumetric rate of ice melt. The local heat pro-
by the Manning formula. duction and meltback rate m per unit area of the

Hence orifice roof is

= (2/3 1/2 (I A/o)3/2 g5/3 (48)
2 -- ) (46) 22' 3DM

where uw = mean water flow velocity (averaged where D = constant, equal to pjH/Ipwg, with
across the gap height g) dimensions of length taken equal to

M = Manning roughness factor glacier flow length
g = local height of the orifice at a pointg(x) H = latent heat of melting

(xA/co = hydraulic gradient of the orifice, where p, = density of ice.
(x=surface slope of the glacierA = L/La, where L is the length of the The initial and subsequentconfigurationsof thecavity between orifices and Lo is the cavities and cavity roofs, which change with icelength of the orifice. A is termed the sliding and time, thus are important to definingaverage head gradient heat dissipation and water flux through the sys-ao = tortuosity of the flow path. tem. Of various idealized cavity configurationsillustrated by Kamb (1987), two types of bed topo-

Water flux through the system Qw is determined graphic features and their resultant separations,
by integrating the mean flow velocity along the referred to as step cavity and wave cavity forms,
breadth of the orifice I for successive gap heights were chosen for modeling (Fig. 29).
g(x) and summing the contributions of N0 indepen- For both step and wave cavities, Kamb uses
dent orifices across a transverse section of the bed geometric parameters (cavityheightg(x) and length
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1) to define cavity opening as a function of ice where 0< x < l and
sliding in the down-glacier direction x and roof
melting from viscous heat dissipation. Cavity ex- 1 4 1v(h + m) (50)
pansion is opposed by a closure rate w(x) resulting = R(0
from ice flow into the cavity in the vertical direc-
tion z. Changes in the gap profile with time follow- with h = step height
ing the initial separation from the bed must there- T= ice viscosity
fore be considered. v = ice sliding velocity

According to the Kamb (1987) model-param- a = PI- P,, with P1 overburden pressure and
etersforidealizedstepandwavecavitiesareshown Pw basal water pressure (i.e., the effec-
in Figures 30 and 31-the cavity heights g(x) and tive confining pressure)
orifice breadths I are as follows. m = constant that equals 0 if there is no melt-

For step cavities ing of the roof.

Closure rate by ice flow w(x) is defined as
g(.%)= h1-sWin-2x- I 2(2-x -1x( -)x) W (X) = vg' (X)=----~- (51)

ý2) 2T1

(49)
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For a nonlinear ice rheology, 11 is defined by defines the gap profile evolution beneath moving

Y-i ice and accounts for progressive widening or
1I (52) narrowing. Substituting eq 48 and 51 for m and w,

respectively, we see that the steady-state gap pro-

where 7IR is the effective viscosity at a reference file of a step cavity is

shear stress level (R. The flow law parameter r1 is (aA/o)32 5/3 (59)
assumed to be 3. vg'(ix) =- 1-x) + .

For wave cavities the relationships differ in that 2T1 2WDM

the bed is assumed to have a quasi-sinusoidal Substituting the value of a from eq 50 and making
shape, with a wavelength X and half amplitude a. the relationship nondimensional using the vari-
Kamb assumes that the normalstress varies as (x- ables y = g/h, 4 = x1l and g = m/h, we define the
X.)2 and follows a linear ice flow law steady-state gap profile -Kk) by the nondimension-

g(x) = 2A2 a x512 (I- x)3/ (53) al differential equation
3 •4 d__ _d = 2 E, . F- y-9- (1 +g)- (60)

for 0< x < I and dt

._4X (2)112 (1gL (54) where
it 

-
5 

21/3 (ctA/o) 3/ 2 I 1/2 7/6(61)

where, as before, a = P1 - Pw, and where -1/2 DM ('61

S= 8ic2Tnav/1 2  (55) The dim ensionless quantity E is term ed the m elt-

stability parameter and provides a measure of the

I being termed the wave cavitation parameter. importance of roof melting by viscous dissipation
This parameter is simply the effective confining in the linked-cavity system.
pressure for cavitation; when (Y < E, cavitation Integration of eq6O for values of = 0 to 1 results
occurs. Wave cavities form only where water pres- in a series of curves representing changes in the
sures Pw, are sufficiently high such that Pw > PI - L gap profile under meltback for various values of A
In contrast step cavities exist where P" is low and (Fig. 32). As the roof melts, the roof line rises and
the ice sliding rate is relatively slow. The wave its peak shifts downstream, with the gap length I
cavitation parameter can be further defined in increasing by nearly a factor of 3 at a maximum
terms of a nonlinear ice flow law, such that stable value of the parameter 4 = 1 in eq 6 1 (see also

Fig. 7 on p. 9091 in Kamb [19871).
I•22vi For any given step cavity profile, water flux Qw

1. = 2N 14we2av (56) is defined from eq 47 and 48 as

for Q h 13- (62)

S= Ni -1+(I/n) (57)

where

where N constant
n=3 5/3
i= second invariant of the strain rate ten- M =3 d4 (63)

sor.

I therefore varies with v1 /3, and sliding velocities is the flux factor and determined by integration of
are relatively fast for wave cavities to exist. The the cavity profile as a function of the melt-stability
relationship for w(x) follows that of step cavities parameter 7.
with gap height g'(x) (eq 53) and a nonlinear flow For wave cavities, the relationship follows eq 60
law relationship for cavity growth by viscous heat and the nondimensional results are similar in form,
dissipation. but w(x) must be defined differently because the

The general relationship points of cavity separation and down-glacier ice-
bed contact continually changes as a function of

g'(x) = w(x) + rh (x) (58) roof melting during sliding (Fig. 31). Kamb uses
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Figure 32. Steady-state configuration of the step orqifce Figure 33. Steady-state configuration of the wave ori-
roof profile values of the melt stability parameter from fice gapfor values of the melt stability parameter ='from
0 to 1.0. For each value of=-, the gap height g(x) is shown 0 to 1.4. For each value ofE', the gap height g(x) is shown
in termsofg/has afunction ofdimensionlesslongitudinal in terms of the ratio g/g., where go is the height midway
coordinate x/l, where I is the gap length. At E = 1, the along the length of the gap (x = 1/2) in the absence of roof
system becomes unstable (after Kamb 1987). melting (E'= 0). The longitudinal coordinate x is scaled by

the gap length t (after Kamb 1987).

the dimensionless quantities = x/e, and y= g/g, Integration using 4 = 0 to 1, for successive values of
where E', defines v (eq 66) and the meltback ratio m/a.

The steady-state configuration of wave cavities for
go +(28)(l _991(64 various values of E' is shown in Figure 33. In con-
ao 7- 1 trast to step cavities, melting of the roofs modifies

cavity height greatly, but has little effect on cavity
and length. Step cavity evolution involves greater elon-

gation of the gap, rather than increased gap height
B = ) (65) (compare Fig. 32 and 33; see also Fig. 9 on p. 9092

5- 2v + v) in Kamb [1987]). In addition, changes in config-
uration with time in response to ice movement re-

with v, a meltback parameter, defined by sult in increased cavity height in the down-ice
direction, while lowering of the roof takes place

v = 2! X) (66) up-ice of its peak height because of the down-ice
shift in the cavity separation point (Kamb 1987).

Discharge Q, through wave cavity forms fol-
to develop a differential equation for the progres- lows from eq 47 and 64, with m/a defined by eq 66
sive evolution of the wave gap profile. Gap profile and integration of eq 67 for various values of E'.
changes are defined by Kamb's relationship is

dd -y (5B) 1/2 y5/3 - (B)2k3/ 2(1 - 4)(84 + 3v - 5). Qw 755= 3' M (--)'-- - 2/6

d_ 75- /3X M(y
2 X 5 3( 2/

(67) (69)

The melt-stability parameter E for wave cavities is where

= 27 (xA/W)) 3/2 (1-1)1/2 (1 - 1)/6 2 'P XB5/2f X, 13 d4 (70)
32/357/3 DM (VT. = o

(68) is a "flux factor" analogous to 0 (eq 63).
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0
50 - Wave-o•i•ice In Kamb's model, the stability of the drainage

model system is determined by orifice roof melting and
Stp-•ff•e V ice sliding and cavitation rates. Instability results

'9 ~Model = when the magnitude of the viscous heat dissipa-
100 -. R1 tion, as indicated by the melt stability parameters

or -', exceeds a certain value (for a step orifice
0 when-''>1, for a wave orifice when 7'>1.5), which

O10 results in unstable growth of the cavity orifices as
•../ • TunneW I effective pressures decrease (Kamb 1987). Kamb

Model suggests that the resultant perturbation manifests
o itself in an increase in cavity length and progres-

200 - sive growth into a conduit that, with time, is
progressively joined along its length by other ori-
fices also growing unstably. The result isevolution

T s 20 to a tunnel system (Fig. 35). As ice flow increases,
10-2 10-1 100 101 102

0. Discharge (m
3

/s) Step.........................Orifice

Figure 34. Comparison of the effective confining pres- Or .. i 0 0 0.5)
surevs. discharge relationshipfor thelinked-cavityand
conduit-tunnel models, assuming an ice thickness of ......... ........ .. ......
400 m (after Kamb 1987).

Kamb (1987) provides a quantitative evaluation- i(0) = (1-_E¼)v (12 1)
of his linked-cavity m odel using Variegated Gla- --.-.--- -- .------ ---
cier, a surging glacier in south-central Alaska. .... ...................... :
Field measurements of various glacier parameters
before, during and after a surge in Variegated Gla-- :.
cier are some of the most extensive available. The
results of the model, using appropriate values for -.-----------------."""
unmeasurible parameters (given by Kamb [1987]),
compare reasonably well with the field data. The
direct relationship of water pressure to discharge
forboth step and wave cavity profiles in the linked- . -.

cavity system contrasts with the inverse relation- " "
ship of pressure and discharge in the conduit- ..... I - -V

tunnel drainage system (Fig. 34). .
In addition, Kamb suggests that the linked- .:.":"."..".

cavity model explains the cause of surging as illus-
trated by Variegated Glacier. A surging glacier is -------
one that rapidly changes from a quiescent state to
one of extremely rapid flow and terminus advance
(e.g., Meier and Post 1969). Flow rates can com-
monly exceed tens of meters per day. Surges ap-
parently take place periodically-over periods of --k
about 15 to 100 years-and may last a year or more.
The surge ends equally abruptly and the glacier
returns to the quiescent state, during which it.---
recedes. Only certain glaciers surge. Theories have
been proposed for the cause of surging, most of
which require higher than normal basal water
pressures, but they remain mostly unverified (e.g.,
Clarke 1987). A surging glacier is important to run-
off or sediment discharge predictions, as both may
increase by several orders of magnitude during a Figure 35. Transition from linked-cavity system to
surge over that of normal water and sediment flux conduit-tunnel system as linked-cavity system under-
when the glacier is not in surge. goes unstable growth duringa surge (after Kamb 1987).
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the tunnel moves down-ice, Kamb speculates, to a also composed of ice (Walder 1986). The system
new orientation relative toice flow direction. Surges therefore maintains a certain water flux capability
stop as basal water pressures drop in the newly that is proportionally higher than that at a larger
formed conduit-tunnel system, as it is better able discharge and can adjust to a lower steady-state
to handle the equivalent discharge that taxed the water pressure.
linked-cavity system and, thus, sliding speeds are This behavior contrasts with that of the con-
reduced. duit-tunnel system in which water pressure var-

Surges could begin in late winter, when dis- ies inversely with discharge (Rothlisberger 1972).
charge is low and a linked-cavity drainage system Thus, the larger tunnels with lower water pres-
covers the bed. As meltwater influx increases in sures tend to capture flow from smaller conduits
spring, Kamb speculates that certain conditions, with higher pressures, resulting in a system that
perhaps related to the increased ice thickness be- will tend to evolve continually by conduit capture
fore surging and the subsequent increase in basal into a single, larger tunnel of lower pressure as
shear stress, cause the melt-stability of the orifices discharge increases (R6thlisberger 1972, Shreve
to remain low and hence the system does not 1972). The mean flow rate through a conduit-
immediately evolve into a conduit-tunnel drain- tunnel system is alsohigher than in linked-cavities
age system. Basal water pressures could then rise (Walder 1986). The fully developed system under
to near those of the ice overburden pressures, maximum discharge, therefore, consists of one or
reducing shear stress at the bed to near zero and more tunnels of low tortuosity and several meters
initiating a surge. Unstable growth and linked- diameter (depending in part upon glacier dimen-
cavity system decay lead to its collapse, while ini- sions). Tunnels trend approximately parallel to ice
tiation of drainage via a conduit-tunnel system flow along a large proportion of the glacier's length
then reduces basal water pressures, increases bas- and apparently are fed by the arborescent engla-
al shear stresses and reduces sliding velocities be- cial conduit system through a series of conduits
low those necessary for the surge to continue. forming tributaries to the tunnels.

System behavior. Several important aspects of The direct relationship of pressure and dis-
subglacial drainage in the linked-cavity system charge also ensures a mostly stable configuration
have emerged from theoretical analyses. Differ- for the interconnected cavities and conduits
ences between this and the subglacial conduit- through the entire year. Thus, the linked-cavity
tunnel system of R6thlisberger bear on the nature system can persist even with seasonal changes in
of runoff (and sediment discharge) from glaciers. water discharge, requiring only that sliding rates
As stated previously, water flow in the linked- be sufficient to maintain cavitation (Walder 1986,
cavity system follows a rather tortuous path in an Kamb 1987, Fowler'1987). This situation is not true
anastomosing pattern, with potentially more than for the conduit-tunnel system, which will tend to
one outlet and inlet for each cavity (Fig. 27). This evolve seasonally from multiple smaller conduits
contrasts with a conduit network, wherein the at the bed to fewer large tunnels as meltwater
smaller passageways are tributaries to progres- discharge gradually increases through the spring
sively larger ones, and the direction of flow is and summer. In the fall, however, a drop in dis-
mainly in the direction of ice flow, both of which charge closes the tunnels and the conduit-tunnel
are governed by the ice surface slope and water system collapses, effectively shutting off water
flow is in response to equipotential contours as flow across most of the bed.
defined by Shreve (1972). Theory suggests that the stability or instability

Water flux or discharge is directly related to of these two systems lies mainly in each system's
water pressures in the steady-state linked-cavity capacity to adjust to changes in viscous heating.
system (Walder 1986, Fowler 1987, Kamb 1987). That is, if the size or water pressure of the conduit
This direct relationship results from heat being or tunnel under a fixed hydraulic gradient is in-
dissipated only by melting of the roofs of the creased, conduits will grow at an accelerating rate
cavities and conduit links, which in turn modifies because the melting rate increases faster than the
their geometry and increases flow at a higher closure rate caused by plastic ice flow. The con-
pressure. Conversely, a decrease in discharge and verse results in tunnel contraction and closure.
thus in the generation of heat by viscous dissipa- There is, thus, no truly stable steady state for the
tion reduces melting and lowers the roofs, but it conduit-tunnel system.
reduces their cross-sectional area by a smaller The liii ked-cavity system in a steady state un-
factor than would apply if the cavity walls were der a fixed hydraulic gradient, however, can ad-
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just to finite changes in size or water pressure. increases in sliding rates may result from such
Water pressure changes result in increased or de- transient pressure increases (e.g., Iken and Bind-
creased ice roof melting and a change in size to schadler 1986). Increased discharge results in melt-
accommodate it, while a change in size eventually ing of conduit roofs and walls and their expansion.
results in a return to the original steady-state di- Pressure gradients associated with variations in
mensions (Kamb 1987). water influx result in water migration from one

A linked-cavity system is thus inherently stable area of the bed to another. Areas where flow
because its minimum flow capacity is determined becomes concentrated will have more rapid con-
by cavitation at the existing water pressure, and duit growth because of higher melting rates than
hence its existence can, in theory, be independent in other areas and eventually create larger con-
of meltingby viscous heatdissipation (Kamb 1987). duits in smaller numbers. As conduits enlarge,
The system can, however, be unstable if viscous water pressures will drop, reducing glacier sliding
heating increases at a rate faster than the system velocities, and eventually one or more primary
can adjust for and higher pressures lead to in- tunnels will be established that transport the ma-
creased basal sliding rates. Then, orifice and cavity jority of runoff to the terminus. By peak seasonal
growth can result in larger and more direct in- discharge, a conduit-tunnel system is fully estab-
terconnection of linked-cavities across a large area lished, operating at water pressures that are lower
of the bed, actually forming a continuous conduit than those present during its development. Flow-
or tunnel (Kamb 1987). As stated previously, this through of meteoroic water becomes rapid, with
unstable evolution to a lower pressure tunnel sys- little lag in meltwater efflux and, overall, meltwa-
tem may stop surges. ter storage is reduced.

In addition, for a given discharge, water pres- The linked-cavity system, however, remains
sures in the linked-cavity system (beyond a certain mostly stable as discharge rises or falls, and water
threshold discharge that depends on system pa- pressures and sliding speeds fluctuate, and there-
rameters and cavity-conduit configuration) are fore at least in part will remain open through the
higher than in a true conduit system at steady state fall and winter unless meltwater production stops.
(Kamb et al. 1985, Walder 1986). Seasonal changes Then, connecting conduits (orifices) can degener-
in system parameters, for example, may result in ate, shrink and close because of ice deformation.
relatively rapid water pressure changes. The exist- Water storage within cavities that remain is likely.
ence of a linked-cavity system may explain in- Given the limited sources of water that exist in
creases in ice flow rate that have been measured in winter, conduits probably close over parts of the
association with increases in water pressures (Iken bed, but not in others. A linked-cavity system can,
1981), but typically not in association with simul- therefore, remain at least in part operational
taneous increases in stream discharge (e.g., Kamb throughout the year in areas where groundwater
et al. 1985, Iken and Bindschadler 1986). and meltwater from geothermal heating of the

Seasonal variations in subglacial drainage will glacier sole locally produce sufficient water to fill
have important ramifications for flow routing, cavities and maintain hydraulic pressures within
water storage and runoff. The more or less contin- connecting conduits.
uous evolution and degradation that characterize As discharge increases in spring, concomitant
the conduit-tunnel system as meltwater produc- water pressure increases result in the expansion of
tion increases and decreases with the seasons re- conduit orifices and cavities as meltwater reaches
sults in morphological changes to the drainage the bed. Locally, pressures increase as the system
system. In fall, for example, decreased meltwater adjusts to the increased discharge. Basal sliding
production causes the system to degenerate and rates increase, causing a positive feedback to in-
shrink and closes many, if not most, of the con- crease cavitation and the linking of cavities with
duits and tunnels. conduits. Areas without an active linked-cavity

In spring, as meltwater production increases system will become reestablished at a rate that
and water influx from the surface begins, there depends on water influx, but before this happens,
must be temporary water storage because a com- water retention, dispersion across the bed and
plete drainage system does not exist, and water slow flow-through are characteristic. Once the
pressures therefore increase as the system begins system is established, its configuration adjusts
to reestablish itself, in some cases following rem- progressively to discharge and ice flow for the
nants of the conduit-tunnel system and in other remainder of the melt season. Mainly, the cross-
areas developing new passageways. Short-term sectional area of conduits and cavities adjusts to
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discharge variations. The nature of the linked- general, the limit of stability for the conduit-tun-
cavity system is also such that daily meltwaterand nel part of the drainage system appears be when
precipitation inputs can lag in reaching terminus discharges are low, conduits are shrinking and
streams, with flow rates slower than in tunnels water pressures are decreasing (Kamb 1987, Fowl-
and the cavities generally storing meltwater. er 1987a). Conversely, unstable growth of conduit

The coexistence of the linked-cavity and con- orifices, owing to excess viscous heat dissipation
duit-tunnel systems in the subglacial environ- (Kamb 1987) under rapid and extreme discharges,
ment of a single glacier has been suggested by will make the tunnel system dominate (Walder
studies of the former beds of glaciers (e.g., Walder 1986).
and Hallet 1979, Walder 1986) and has been exam-
ined theoretically (e.g., Fowler 1987a, Walder 1986). Sediment beds
Limited evidence suggests that an integrated sys- Where the glacier lies on unconsolidated sedi-
tem, where pressures within the linked-cavities ments, often called a deformable or soft bed, cur-
and conduit-tunnels are roughly equal, may char- rent theory on subglacial drainage is limited by
acterize many temperate glaciers, while shifts be- few data and observations. Because of the difficul-
tween the two systems may be associated with ties in analyzing these "unknown" conditions,
seasonal discharge variations and fast ice flow drainage on sediment beds has largely been ig-
(e.g., Engelhardt et al. 1978, R6thlisberger and nored until the last 10 years or so. Currently,
Iken 1981, Iken et al. 1983, Kamb et al. 1985, Iken prevailing theory suggests that water may move
and Bindschadler 1986, Walder 1986, Fowler 1987a, mainly within a conduit-tunnel system or a dis-
Kamb 1987, Seaberg et al. 1988, Hooke et al. 1989, tributed-flow system, but the linked-cavity sys-
Hooke 1989). tem may also exist on a sediment substrate.

Theoretical analyses by Fowler (1987a,b) sug- Natureand behavior. Theory suggests that engla-
gest that each system, while stable separately un- cial conduits will feed conduits or tunnels that are
der steady-state conditions, will coexist in general either partly incised into subglacial sediments and
because a glacier sliding over its bed will develop partly incised into the overlying ice, or fully cut
cavities, and these will become interconnected into the basal ice with the channel bed being the
hydraulically owing to the inherent roughness of sediment interface. Hydraulic conditions basical-
the bed. A combined drainage system is in a steady ly follow R6thlisberger's (1972) theory (Fowler
state when pressures in cavities (Pk) and in tunnels 1987b), except that conduits may dose as the result
(PT) are equal and not perturbed. A significant ofsedimentdeformation(BoultonandHindmarsh
increase in PT will result in water movement into 1987). Some part of the drainage system may also
the linked-cavity system, which in turn increases be englacial, with conduits moving from a subgla-
discharge, water pressure and cavity enlargement cial to an englacial position, such as in areas of
(Walder 1986). Under this condition (Pk> PT), the intensecompressionaldeformation associated with
combined system is again stable and the pressures deep depressions within the bed (Hooke et al.
will equilibrate to a steady state, with flow feeding 1988, Hooke 1989). In the general absence of engla-
from cavities back into conduits. cial meltwater sources, water supply is sufficient-

Because the cavity volume depends on sliding ly small such that only a distributed flow system
velocity (whereas it does not in the tunnel system), develops, the water moving in a thin film between
system stability is also related to it. At sufficiently the ice and bed (Alley 1989a).
high sliding velocities, the tunnel system breaks In contrast to bedrock beds, unconsolidated
down to cavity drainage. The converse, at slow beds may be permeable and thus transport some
velocities, is also assumed true. As discussed pre- proportion of the subglacial water within the sub-
viously, the tunnel system can become unstable strate (e.g., Clark et al. 1984, Shoemaker 1986a). In
because of perturbations in discharge and hence general, the permeabilities of typical subglacial
the conduit melting rate; either increases or de- materials are assumed to be such that any influx of
creases in discharge could cause its collapse (Kamb water from the surface will rapidly outstrip the
1987). Similarly, linked-cavity systems can become sediments' capacity to transport water, and there-
unstable under extreme discharge rises and ex- fore water pressures will increase until a drainage
treme water pressures, as in the case of flood system of some form develops.
drainage, or under the extremely slow sliding If there are no surface sources of meltwater
rates and minimal discharges of winter, when (su-ch as in polar regions, but also during the win-
cavities can close or be cut off by orifice closure. In ter in more temperate regions), water at the bed is
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derived mainly from basal melting generated by Pi = average normal ice stress on the bed
frictional and geothermal heating, and is minimal Pw = water pressure
in volume. Under such stringent water conditions, zb = basal shear stress
drainage will occur as groundwater within the 0 = geometric factor related to stress on
permeable materials below the ice/bed interface, the bed roughness feature
until their capacity is exceeded. Then, if hydraulic f = fractional area of bed occupied by the
pressures equal or exceed the local ice pressure, water film, wheref= 1 - s
water can accumulate between the ice and sedi- s = fractional area of ice in contact with
ment (Alley 1989a). Water pressures will be rela- clasts in bed.
tively high and near that of the overburden pres-
sure (within about 1 x 10s- Pa [1 bar]) of the ice. A Water flow within a film of thickness d is de-
significant groundwater source at the bed could, scribed by Weertman (1972) and Weertman and
however, maintain a water layer between the ice Birchfield (1982) as
and the bed.

If the water pressure where groundwater influx d = (72)
is limited increases sufficiently, areas of water • Pg (
accumulation will thicken and expand laterally,
communicating hydraulically, and result ina more where q = water flux
uniform distribution of water pressure across the Pg = pressure gradient
bed (Lliboutry 1987). Continued expansion and g.1 viscosity of water.
communication leads to water flow within a thin
layer, which may be characterized by local thick- In areas removed from conduits, Pg is calculat-
enings that depend on variations in the effective ed as (Alley 1989a)
pressure at the bed, but still not exceeding a few
millimeters (Walder 1982). Flow within locally Pg = piga- + (Pw - Pi)gc, (73)
thick water "films" may act as a channel, or cycle
between a film and channel, with the configura- where pi = density of ice
tion depending on water supply, bed geometry, p, = density of water
bed properties and sliding velocity (Alley 1989a). g = acceleration of gravity

It is not likely, however, that a thin film drain- as = surface slope
age system will evolve into fully channelized flow, o(b = bed slope.
unless input from meltwater sources significantly
increases and there is sufficient supply to maintain Thus, given appropriate parameters, calcula-
flow continuously in the new conduits (Weertman tion of the expected discharge of water in a distrib-
and Birchfield 1983). Such a transition might char- uted flow system on an unconsolidated bed can be
acterize seasonal changes in the drainage system estimated. The relationship among basal shear
of temperate glaciers when meltwater input in- stress, drainage and sliding velocity u, is given by
creases or decreases, but such a transition will Alley (1989a), based uponWeertman's(1957,1964)
probably only occur in areas removed from other sliding theory, as
englacially fed conduits (Weertman and Birch-
field 1983). u,= Kir(1 + 10- (74)

Theoretical treatment. In a distributed flow sys- dc
tem, water drainage is governed by the effective or
pressure associated with the roughness of the bed,
which is related to the grain size of the bed mate- us K1 Tid (75)
rial (typically of wide range, from clay to boulder
size) and which determines cavitation at the ice/ where the approximation is valid if d > O(d,) (0
bed interface. This relationship is expressed as indicates on the order of), dc being the controlling
(Alley [1989a] following Nye [19691 and Kamb obstacle height. The controlling obstacle height is
[1970]) equal to the height that results in a maximum

resistance to sliding. dc is typically on the order of
N = P-'b (71) 1 to 10 mm. K1 and Ks are constants that depend

f upon bed roughness and related factors (Weert-

where N = Pi - P, (Weertman 1972) man 1964).
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The situation where meltwater is more plenti- that the shear stress 'is equal to the effective pres-
ful and surficially fed englacial conduits reach an sure N, tunnels will close (k) at a rate i following
unconsolidated bed requires that water be tran.-s- (Alley 1989a)
mitted to outlet streams within a conduit system.
Increased water pressures associated with the in- F= K (N - , N > ) *
crease in discharge to the bed apparently result in N ab a
conduit establishment, with the influx of water Qx
(m2 s-1) dependent upon the rate of water trans- = 0,N <*
port to the bed and the area of the bed that supplies
water to the newly established conduit (Shoemak- _ r (79)
er 1986a). r

Boulton and Hindmarsh (1987) considered
drainage in conduits with sediment floors, the For a channel incised into the bed, the closure rate
upper part of the conduit either being incised into k must be balanced by removal or erosion of the
the basal ice (R-channels) or fully incised into the sediment deforming into the conduit Ye (Alley
bed (N-channels). They assume that water pres- 1989a). By approximating the amount of sediment
sure in the conduit offsets the effects of ice pres- that can be eroded and thus that amount that can
sure, which could cause both the ice and sediment be transported by water flowing through the con-
to flow into the conduit. Thus, as with englacial duit for a given water flux Q (m3 s-I), estimates of
conduits (following Rothlisberger 1972), conduit the range in conditions necessary for conduit sta-
closure results from the difference between the bility can be defined. Thus, the erosion rates for
overburden pressure Pand water pressure P,. De- laminar Ee and turbulent Et flow are
formation of sediment under stress is given by joP2r2Q.
(Boulton and Hindmarsh [1987], following Alley's X - 12  (80)
[1989a] notation) 64 2

= , _* >,* (76) 4t 3JoM 2PgQx (81)

Nb 4xr2/3

and where J0 = constant related to sediment flux
Pg = water pressure gradient

£ = 0, r < * g = water viscosity
M = inverse of the Manning roughness co-

where e = strain rate efficient.
S= shear stress

T* = sediment strength These equations thus define the maximum sed-
a, b and Kb = constants. iment input from the bed adjacent to the conduit,

and a steady state occurs when the closure rate E
The effective stress Nis the difference between the = 1, the erosion rate.
overburden normal stress and the water pressure Water influx Qx depends on the rate of water
P,. At the base of the ice, where the overburden supply at thebed and the area from which itcanbe
normal stress on the bed is the ice normal stress Pi drawn to the conduit. Alley (1989a) estimated Qx

using
N= P1 - P,. (77)

Qx = 2nrKN (82)
Deformation results when the yield strength of the pg In( 2
subglacial sediment T* is exceeded

•* = N tan* + C (78) where K is the hydraulic conductivity of the till
and g is the magnitude of gravitational accelera-

where taný is internal friction and C is cohesion. tion. By limiting the area of water input from the
Creep closes a conduit incised into sediment in bed

response to the effective stress N. For a conduit of
circular cross section of radius r, and assuming Q. = 10'r th (83)
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where M' is the basal melt rate. This relationship seasonally or during flooding, could cause periods
assumes that a channel collects all water generated of expansion and contraction. In all cases, unless
by melting in a band 104 times as wide as its radius, there is sufficient water flux, creep of the sediments
a value that Alley considered to be an upper limit. will dose subglacial conduits incised into sedi-

The relationships for the effective pressures un- ment.
der laminar (NI) and turbulent flow (NJ) are (Alley Channel formation (N-type) within bed sedi-
[1989a] following Weertman [19721) ments, initially in intimate contact with the ice, may

begin by the buildup of pore water pressures within
N P• r2 (1/3 the sediment and the reduction of its effective shear

16N- B stress to zero. This sediment would be unstable and
could fail, possibly by liquefaction (Clark et al. 1984,

(MPg3/2 r 2/3/3 Shoemaker 1986a, Boulton and Hindmarsh 1987).
N t = (M\ - (85) Under lower confining pressures, such as beneath

2L B t3the thin ice of a glacier's terminus, piping of these

where B is a constant related to the creep hardness liquified materials may develop channels within

of ice, L is the latent heat of fusion of ice and ice is the bed. Once developed, the draw-down of water

assumed to obey a power-law for creep with an from the sediments adjacent to them would in-

exponent of 3 (Weertman 1972). crease the effective stress of these adjacent sedi-

The difference between the creep-closure rate ments and increase their stability. If discharge con-

and the melt rate of an R-channel (4)net for laminar tinues to increase, progressive up-glacier growth of

and turbulent flows within the conduit is then conduits would increase the areas of the bed sup-

defined by (Weertman 1972) plying groundwater to them (Boulton and Hind-
marsh 1987). In addition, Shoemaker (1986a) sug-

3 _ - ggested that subglacial channels in bed sediments
16gL may develop wherever surface meltwater flowing

into moulins or crevasses reaches the bed at new
locations, including each spring as englacial con-

(4t) net = B N3 - Mp3/2 r2/3 (87) duits reestablish themselves.
2L Kamb (1987) also briefly suggested that a linked-

A)forthe various param- cavity conduit system may form over a bed consist-
Alley (1989a) used estimates fing largely of unconsolidated rock debris. The bed
eters in eq 82-87 to define the nature of subglacial must have a sufficient number of roughness fea-
drainage in channels of 0.001- to 10-m radii in a bed tures that do not move with the ice, such as bedrock
composed of diamicton (a clay- to gravel-sized protuberances or large boulders protruding from
mix). He concluded that R-channels would be gen- the underlying sediments. The local conditions for
erally unstable and close rapidly by the creep of u nderyn sedime the calitions orsubgacil sdimnt ito he ondit. nlyR-can- cavitation, and the shape of the cavities and orifices
subglacial sediment into the conduit. Only R-chan- that form, are not fundamentally different from
nels with floors of extremely high yield strengths those over bedrock. Consequently, Kamb (1987)
that actually approach the yield strength of a bed- expected that a linked-cavity system within sedi-
rock bed can remain stable. ments below ice moving at a sufficient rate for

In the case of channels incised into the diamicton cavitation would have a flux-versus-pressure rela-
("till channels" per Alley), stable configurations tionship that is qualitatively similar to that of a bed-
require that a low driving stress (N) exists, which is rock substrate. A linked-cavity system would de-
just slightly higher than the critical stress (Nc), as velop when the water flux in spring or summer
governed by the bed material's yield strength exceeds that which can be transmitted by the sub-

glacial sediment (excluding very coarse gravel) (Iken
Nc - C (88) and Bindschadler 1986, Shoemaker 1986a).

It is important to reiterate that our knowledge of

This critical, but slight, difference in stresses re- glacier dynamics and subglacial drainage on beds
flects erosion of the channel beds by water flow as composed of sediment is extremely limited. There-
beinglimited by discharge. Given a perturbation in fore, the role of sediment beds in water transmis-
drainage, such as a sharp, rapid increase in dis- sion, storage and temporary retention or lags in
charge, "till channels" are likely to grow (Alley discharge over days, seasons and longer periods is
1989a). Variations in discharge, perhaps as occur basically unknown.
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DISCHARGE CHARACTERISTICS therefore, has a moderating effect on annual stream
flows (Krimmel and Tangborn 1974). Each year a

Glaciers behave as natural storage reservoirs, portion of the precipitation received across the
retaining a major portion of their winter precipita- basin is added to storage as ice in the glacier and a
tion in their accumulation areas and releasing large quantity, which may be equal to, m o re, or less than
quantities of water annually, with strong seasonal the total amount of precipitation stored, may be
and diurnal peaks related to solar energy input and released as runoff by melting. During warm, dry
precipitation (Meier and Tangborn 1961). The and sunny summers, releaseofwaterfromstorage
characteristics of runoff from these "storage reser- by melting of ice compensates for the reduced con-
voirs" reflect the effects of glaciohydrologic pro- tribution of runoff from precipitation, whereas
cesses on meltwater production, storage and move- more runoff is contributed by rainfall when cloudy
ment, and of climate in its roles as the source of conditions reduce melting of ice and cooler and
precipitation and control on glacier mass balance. wetter conditions prevail (Collins 1986). Both the

Most meltwater runs off over only a few weeks snowpack in the accumulation area and the glacier
in Arctic areas, but it may happen over several itself retain liquid water for some period as well
months in lower latitude alpine areas such as in the (e.g., Golubev 1973, Colbeck 1977, OerterandMoser
western U.S., Canada and Europe. In the upper 1982, Ostling and Hooke 1986, Fountain 1989). A
Rhon" basin of the Swiss Alps, for example, 85% of lag in runoff results from the combined effects of
the total annual runoff occurs between 1 May and storage and the complex drainage system that
30 September, with this total varying by up to ±20% exists in both the snowpack and glacier (Meier and
(Collins 1985). In the Ferpecl basin, which has a Tangborn 1961, Stenborg 1969, Tangborn et al.
65% glacier cover, 5% of the runoff occurs from 1975, Lang 1968).
October to April, while the remaining 95% occurs This moderating effect of storage, however,
from May to September (Bezinge 1981). Higher differs with the percentage of glacier cover in the
elevation basins in the Swiss Alps have the majority basin, but can result from as little as 0.5% ice cover
of runoff between mid-June and September 30; (Krimmel and Tangborn 1974). The annual vari-
above 2400 m, for example, only 1% of annual ability for runoff in nonglacierized basins, ex-
runoff is generated during winter months (Bezinge pressed as the coefficient of variation (CV), is
1981). approximately the same as the CV for precipita-

Annual variations in runoff from glacierized tion in the region; increased ice cover reduces the
basins are not related to annual variations in pre- value of the CV. In the Swiss Alps, for example, the
cipitation (e.g., Meier and Tangborn 1961, Meier Rhone River basin (16.2% glacier cover) has a pre-
1969, Stenborg 1970, Tangborn et al. 1975, Larson cipitation CV of 33 to 41% in July, whereas the CV
1978, Bezinge 1981, Fountain and Tangborn 1985a, for July runoff was only 5% during the same per-
Collins 1982a, 1985). In fact, annual variations may iod of 1927 to 1947 (R6thlisberger and Lang 1987).
be almost independentof recent precipitation (Bowl- Glacier covers ranging from about 30 to 50%
ing and Trabant 1986). Kasser (1981) and Collins apparently have the minimum CV. The absolute
(1987), for example, found that runoff from ice- value of the CV, however, is not consistent from
covered basins actually correlated negatively with region to region. Fountain and Tangbomn (1985),
precipitation, but positively with temperature. The for example, concluded that the minimum varia-
correlation between precipitation and runoff, how- bility occurred when glacierized catchments were
ever, increases as the proportion of glacierized area covered by about 36% ice (Fig. 36). Kasser (1959)
in the basin decreases (Bezinge 1981, Chen and observed that annual runoff in the Alps varied
Ohmura 1990a). Bezinge (1981), for example, pre- minimally with 30 to 40% glacier cover. Chacho
sented data from three adjacent basins showing (1986) reported a less consistent relationship for
that, in warm and dry summers, the nonglacierized Alaskan catchments, with minimum variability
basin had very low runoff compared to its annual for ice coverage ranging from 25 to 60%. More re-
average, whereas in the heavily glacierized basin cently, Rothlisberger and Lang (1987) concluded
(67% cover), the volume was well above average. In that the minimum CV during summer in the Alps
contrast, heavy precipitation duringa cool summer also occurred with a 30 to 60% ice cover (Fig. 37),
yields the opposite pattern, with well-above aver- while Chen and Ohmura (1990a) concluded that
age annual runoff in the nonglacial basin and well- the minimum ranged from 39 to 44% cover (Fig.
below average runoff in the glacierized basin. 38).

The release of water held in glacier storage, Collins (1985) concluded that if coverage ex-
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ceeds 50% by area, the CV remains relatively con- ing areas with a high albedo and lessening melt
stant or increases. An increase in C Vhowever may rates (Young 1990).
reflect the increased importance of glacier controls Although the annual variability of runoff in gla-
on runoff from precipitation (lags caused by rout- cierized basins is less than that in nonglacierized
ing and storage) as the unglacierized area decreas- basins, larger, sometimes erratic, daily and diur-
es (Collins and Taylor 1990). Runoff variability is nal fluctuations, as well as those on a time scale of
also, in general, a factor of local and regional minutes to days, are common in glacial rivers.
climate, basin topography and range in altitude. Rapid fluctuations in discharge that can include
Distance of the hydrologic station from the ice catastrophic outburst floods result mainly from
source, whichis used for CVcalculation, will affect the release of water stored within and below the
the apparent magnitude or intensity of glaciers on glacier (e.g., Collins 1979a, b, 1982b, 1988; Haeberli
runoff variability. 1983; Iken et al. 1983; Oerter and Reinwarth 1988;

Additionally, monthly variations in runoff char- Driedger and Fountain 1989). Extreme floods com-
acterize glacierized basins, with a minimum CV at monly appear when meltwater flow is amplified
the height of the summer ablation season. There is by heavy rainfall (Fig. 39) (R6thlisberger and Lang
a maximum CV during the early spring melt sea- 1987). A combination of high summer precipita-
son, mainly because of the large differences in tion during a maximum melt period, for example,
discharge that can characterize the initial melting resulted in flooding in 1984 in the Tanana River
and runoff of the previous winter's snowpack basin, Alaska (Bowling and Trabant 1986).
(R6thlisberger and Lang 1987). Extreme discharge events-termed j6kulhl-

Because water movement and storage are com- aups-result from the catastrophic release of gla-
plex, reflecting the seasonal evolution of the snow- cier-dammed lakes (Fig. 40) or internal water bod-
pack's properties and the glacier's drainage net- ies; their timing and frequency are generally un-
work, the rate and quantity of meltwater runoff predictable (Fig. 41). Clague and Mathews (1973)
vary at the glacier's terminus through the melt sea- developed an empirical function to predict peak
son (Lang 1968,1988; Stenborg 1969;Colbeck 1977; discharge (Qmax = 75 [VmaxI0.67, where Vma, is total
Collins 1977; 1982a,b, 1988; Fountain 1989). The volume drained). Clarke (1982) derived a series of
result is that annual runoff in heavily glacierized equations to estimate Q,,. using additional fac-
basins more closely follows energy input than do tors, including lake and glacier geometry, and
the monthly or weekly discharges (Collins 1986).

The spatial distribution of snow cover during 600 1 I I I I I
the year determines the proportion of basin area in
which glacier ice is exposed to melting; thus, this
area of meltwater production must be factored
with energy input. Annual runoff may be reduced S00 -
by a high accumulation of winter snowfall because
it delays the rise in the transient snowline, thereby -
limiting the extent and duration of exposure of the
underlying ice to melting (Bezinge 1981, Collins 7 4W
1987). If there is sufficient melt because of favor-
able weather, however, increased snow-melt run-
off may compensate for loss of ice-melt (Krimmel
and Tangbom 1974).

Similarly, snowfalls during the ablation season
can rapidly and significantly reduce runoff by
interrupting ice melt over periods of several days 200 I I I
orlonger(R6thhsbergerandLang 1987)byreduc- 1.001 1.01 1.05 1.25 2 10 100 1000
ing glacier surface albedo (Hoinkes and Rudolph Return Period (years)
1962, Tronov 1962). Lang (1966) estimated a July Figure 39. Maximumannualinstantaneousdischarges
runoff reduction of 27% and annual reduction of from 1965 to 1985for river basin Massa/Blatten (195
7% because of the effects of a heavy July snowfall km2) that contains the Aletschgletscher, in Switzer-
on the Hintereisfemer glacier. The timing of early land. Annual maximum values were caused by meltwater
spring snowfalls has a pronounced effect by de- flow, not precipitation alone, but may be amplified by rain
laying the rise in the transient snowline, maintain- storms (after Rothlisberger and Lang 1987).
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Figure 40. Discharge resultingfrom sudden drain- E

age of the Gornersee, an ice-dammed lake on the & 4o
margin of the Gornergletscher, Switzerland. Total
discharge (shaded) was approximately 6.2 x 106 m3  P 20

(after Bezinge 1981). The bottom line shows theoret- rheoretiml
ically calculated meltwater discharge without an ice- 0 1 1 1 1 1 1
dammed lake contribution.
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Figure 41. Jbkulhlaup hydrographfor ice dam burst and
lake drainage on South River, Ekalugad fiord, Baffin 1200 2 2

Island, July 1967 (after Church and Gilbert 1975). 20Ju _ 21 Jul

water temperature. These predictive equations Discharge can exhibit characteristic variations
are presented in a later section. Chapman (1986) in diurnal peaks (e.g., Gudmundsson 1970, Gud-
also discussed a method to predict the resultant mundsson and Sigbjamarson 1972, Elliston 1973,
hydrograph at an Alaskan site once a jokulhlaup Bezinge 1981). Diurnalvariations reflect primarily
has begun. total energy input (e.g., Meier and Tangbom 1961).

The effects of storm precipitation on runoff Their timing and magnitude therefore change with
vary with the ablation season (Stenborg 1969,1970, the time of the melt-season, with the ratio of daily
Bezinge 1981). Early in the season, the snowpack is maximum to minimum flows generally increasing
more extensive and can store rainfall, thereby through the ablation season (Fig. 42). The timing of
reducing the runoff volume and slowing the re- diurnal peaks shiftswith the season, occurring 2 to
sponse at the terminus. Much of this water must 3 hours earlier in the day near the end of the abla-
also flow on the ice surface in the ablation area, as tion season than early in it (Fig. 43). These progres-
the internal drainage system is not sufficiently sive shifts reflect the early season effects of an
developed to rapidly transmit water. Late in the extensive snow cover on albedo and meltwater
season, when the overall potential storage of water retention, the progressive seasonal increase in alti-
is also reduced, rainwater can discharge directly tude of the transient snowline, and the develop-
through a well-developed drainage system of con- ment and enlargement of the englacial and subgla-
duits. Peak flows from precipitation can happen cial drainage systems through the melt season
rapidly, often within several hours. An extreme (Bezinge 1981, Elliston 1973, Collins 1988).
flood from rainfall took place in the Hintereisferne The seasonal discharge from glacierized basins
region, Austrian Alps, during the latter part of the peaks 1 to 2 months later in the season than in ad-
ablation season, apparently in large part because jacent nonglacierized basins (Fig. 44). This differ-
the glacier's drainage system was fully developed ence also reflects water storage in the snowpack
and flow-through was rapid (Rudolph 1962). and glacier, drainage system development and
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Figure 42. Diurnal fluctuations in discharge.
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Figure 43. Seasonal shift in the diurnal peak Figure 44. Timing of peak runoff as a function of per-
inflowfor Lewis River, Canada, as well illus- centage glacier cover for basins in the North Cascades,
trated for the year 1963. In 1964, storms were Washington (after Fountain and Tangborn 1985a).
common and altered peak timing (after Church
and Gilbert 1975).
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Figure 46. Runoff E from the Ferpeclg basin Jul

for the period 1966 to 1977 (after Bezinge
1981). Fer,, 16 basin covers 36 km2, with 64% Aug l ...
glacier cover and maximum altitude of about 3 700
?n. Runoff peaks annually in late July or August Sep

as is characteristic of the Swiss Alps. I I

energy input. Water occurs within the snowpack Within glacierized basins, maximum runoff falls
of temperate glaciers as an aquifer, the water table later and later in the summer as the percentage of
lying at a depth of typically from 5 to 40 m (e.g., glacier cover in the basin increases. This delay re-
Schommer 1977, Oerter and Moser 1982). The depth sults from the progressive seasonal increase in
generally increases with distance up-glacier and snow-melt and ice-melt in conjunction with the
varies seasonally (Lang et al. 1977, Schommer temporary internal storage of meltwater that takes
1977, 1978), reflecting its storage role. In particu- place early in the melt season (Tangborn et al.
lar, the beginning of the runoff season is later than 1975, Rasmussen and Tangborn 1976, Fountain
the beginning of the melt season because of the and Tangborn 1985a). In the northwestern U.S.,
thermal and hydraulic retention properties of this Fountain and Tangbom (1985a) found the maxi-
meltwater within the snowpack (Fig. 45) (e.g., mum percentage of flow from glacier-derived dis-
Stenborg 1970). charges in late summer (July-August), when basin
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Figure 47. A ufeis (frozen froin water seeping frot? tile base of the glacier) covers tilt, stream
channel next to the Matanuska Glacier ,nar•in each winter. Mnnimum dischlarge takes place

SMnid-Marc/i to late Marc/i and consists principally ofgfiroundiater.

a lbedos are lowest, snow and ice melt are greatest, 50
and cloud cover and precipitation are minimal 7] Vouasson
(Meier 1969). Peak flows are delayed by nearly a E Ignes/Aiguilles Rouges

month over nearby nonglacierized basins, with a 40

maximum runoff typically being in May in the
unglacierized basins of this region.

In the Swiss Alps, summer runoff of meltwater 30 \

from glacierized basins peaks in late July and early 16
August (Fig. 46), responding to the progressive _20
development of the internal and subglacial drain- 20

age system through June and July (e.g., Lang 1968; E

Elliston 1973; Collins 1977, 1988; Iken et al. 1983). 10/
Runoff from adjacent nonglacierized basins com-

,nonlv peaks in June (e.g., Bezinge 1981). 0 1 . /

Minimum runoff in glacierized basins occurs .E_ _ fi .
during winter, with discharge in some heavily gla- May Jun Jul Aug Sep
cierized basins decreasing to near zero (Fig. 47)
(e.g.,Stenborg 1965). Runoff is generally character- Figure 48. l'ercentageofmonthlhflowexpressed
i/ed by an exponential decline after the ablation as al percentage of total ablation season runoff
"season ends (Rothlisberger and Lang 1987). In the Average monthly flow indices f-r three adjlacnt
Ferpecl(V basin, for example, Bezinge (1981) report- basins with different percenta.ges of glacier cover
ed from I to 5'%. of total annual runoff in win-ter, in thiwl'rench Allis. Fontanesses-i)'4 cover; ,,'s/
the lower percentage characteristic of higher ele- Ai'uilles Rouges-27%,; Vouasson-61"- (after

vations (Fig. 48). Monthly runoff varies little from Bezzinge 1981).

its mean value between December and March.
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Part 2. Sediment Processes, Controls and Characteristics

INTRODUCTION important to defining the flux of material to the

Sediment transport and sediment yield in gla- terminus and glacially fed rivers. Sediments in

cierized basins, particularly those with a h transport within or on a glacier are referred to as

percentage of area covered by glacier ice, are com- debris and include supraglacial, englacial and bas-

plex functions of the internal or glaciohydraulic al debris (Fig. 49) (e.g., Dreimanis 1988). The loca-

processes that erode, entrain, transport and deliv- tion of sediment within the glacier is determined

er sediments into glacialdischarges, andofclimat- by the processes of incorporation, which include

ic conditions that determine the rate, magnitude Su10-ac1
and timing of meltwater production and meteoric zone l- M
water input. Climate determines thermal condi- I___
tions within and below the ice, conditions that - 7

affect glaciologic processes of sediment entrain-
ment and release. Sediment discharge is therefore Mused
also linked to the nature of the englacial and sub-
glacial drainage system and its seasonal evolution
and stability.

GLACIOHYDRAULIC PROCESSES 10 2 m
AND FACTORS 1ADifUsed

The sediment yield of a partly glacierized basin
consists of the sediment in transport by the glacier,
that in transport by meltwater within the engla- - Bandei
cial-subglacial drainage system and that of tribu-
tary streams feeding the main glacial river. Sedi-
ment sources include the sediments on, within
and beneath the glacier. They also include new
sediments created subglaciallyby ice and meltwa- - -: -
ter erosion of bedrock. Streams also capture surf- • 100D-ssM
icial materials of the glacier-free areas, particular- N StmNed
ly the unstable, unvegetated sediments of the ter-
minal moraine. Sediments ofnonglacial origin are 7, /////////, 77
transported onto the glacier and into glacial rivers Subg0acial Zone
by tributary channels and by various erosion pro- Figure 49. Ice Jfcies and associated debris
cesses, including overland flow and mass wasting. zones in a vertical ice section (after Lawson

1979a). Within the stratified facies, three subfa-
Ice entrainment and transport cies are recognized--the suspended, solid and

The movement of sediment through the glacier dispersed---each of which has different debris
and the processes of entrainment and release are dispersal characteristics.
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snow accumulation and metamorphism, ice flow the ice surface. Wind may transport fine-grained
rate and mechanics, and ablation at the ice surface material onto the glacier surface. In the accumula-
and the glacier's sole. Erosion processes control tion area, it becomes concentrated b-, melt pro-
sediment production at the bed and the volume of cesses as it is incorporated into the perennial snow-
new material available for ice or water entrain- pack, eventually forming diffuse sedimentary lay-
ment and transport. Subglacial sediments, which ers as the snow changes to ice (Meier 1960). Streams
may be transported by glacier-induced deforma- draining adjacent valley slopes may also deposit
tion (e.g., Alley 1991), form a significant source of sediments on the ice surface. These materials can
erodible sediment. become incorporated englacially if deposited in

Sediment transport by ice is a function of the the accumulation area. In the ablation zone, su-
location and nature of entrainment and thermal praglacial streams may transport this material
and mechanical processes associated with ice me- through moulins and conduits into englacial and
chanics. Ice flow and sliding determine the pre- subglacial locations.
dominant transport paths for debris derived at the Debris eroded by glacier action from the lateral
surface and at the bed (Fig. 50). In particular, sedi- confining channel walls is transported within and
ment added to the surface of the glacier's snow- on the ice edge as debris septa (Sharp 1949) to form
pack in the accumulation area will be transported lateral moraines that include the debris that sim-
englacially, while that added to the surface in the ply falls to the ice surface from the valley walls
ablation zone, without the action of processes tobe (Fig. 50). At depth, lateral moraines may blend
described subsequently, will be carried supragla- into the basal debris. Where tributary glaciers con-
cially (e.g., McCall 1960, Meier 1960, Grove 1960). verge, lateral moraines join to form medial mo-

Numerous observations have shown that the raines, which are transported as longitudinal fea-
majority of supraglacial debris, as wellas englacial tures that parallel ice flow (Fig. 51).
debris, is material from valley walls that is depos- Supraglacial debris is reworked and modified
ited on the ice by mass movements-rockfalls, by weathering, especially freeze-thaw, and by
avalanches, slushflows (e.g., Tarr and Martin 1914, rain, meltwater flow and mass movement (e.g.,
Sharp 1949, Reid 1968). Layers of sediment depos- Sharp 1949, Eyles and Rogerson 1978). Supragla-
ited on snow in the accumulation area ultimately cial streams may rework and sort these sediments,
form englacial debris bands. Debris bands have a transporting them into englacial conduits where
finite lateral extent and lie mostly subparallel to deposition, conduit abandonment and ice creep

Figure 51. Medial and lateral moraines developed from material of valley walls in the Alaska

Range. Medial moraines commonly separate ice from tributary valleys (photo by E. Evenson).
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Ablation Area Accumulation Am

Supreglaaaly derived debris Dbi rnpre nioilyDbi ned
remains on surface above b t zone to b t

Marginal zone of compression Debris tends to remain In basal transport zone

Figure 52. Idealized transport paths for debris derived s upraglacially and subglacially in a valley glacier (after
Boulton 1978).

may result in their remaining in an englacial posi- al transport as the ice slides. In the particular case
tion. Or they may be further transported into the of unconsolidated bed materials, they may deform
subglacial drainage system, where basal processes continuously, with particles being physically mod-
will modify them. Supraglacial debris may also be ified by grain-to-grain interactions (e.g., MacClin-
incorporated into the ice by falling into crevasses tock and Dreimanis 1964, Boulton et al. 1974). The
that open during the course of ice flow and that effectiveness of subglacial deformation in causing
subsequently close as the ice moves from zones of modifications depends upon the materials' resis-
tensile to compressive stress. tance to shearing. This resistance is a function of

Englacial debris derived from the accumula- grain size distribution, composition, shape and
tion area (essentially supraglacial debris) will be related properties, and the effective stresses gen-
transported along flow lines (Fig. 52) and emerge erated at and below the ice/bed interface, the
at the surf ace of the ablation area, except if it moves stress level being strongly influenced by pore water
to a basal position. Transport paths from higher pressure (e.g., Boulton et al. 1974, Boulton 1979,
elevations, such as the bergschrUnd, may intersect Clarke 1987).
the bed under proper conditions, thereby result- Where bedrock is in contact with the base of the
ing in modification of the debris; here, it may be glacier, mechanical processes interact with melt-
incorporated into a basal or subglacial transport water to fracture and crush the rock, mainly at bed
mode (e.g., Boulton 1978). Material incorporated roughness features (bumps) and along existing
from lateral valley walls at a distance from the structural features (such as joints). The strength or
immediate ice edge is more commonly transport- failure resistance of the underlying rock depends
ed above the soh- -f the glacier and therefore out of to a large degree on its compev. -ýon and amount of
contact with t -d (Fig. 52). weathering, and the preser-zc , P fractures, bed-

Sediments transported within the basal zone ding planes, joints and other planes of weakness
are primarily derived from the bedrock or sedi- (e.g., Boulton 1974, Mallet 1974, 1979b, Boulton
ments underlying the glacier by various processes 1979, Rothlisberger and Iken 1981, Iverson 1991).
operating at the ice/bed interface. Particles within These particles are plucked from the bed during
the ice just above the bed interact with subglacial and following failure. The grain size of the en-
sediments or bed rock while effectively in traction- trained material reflects the relative importance of
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ice tributary junctures (Evenson and Clinch 1987),
A/ Abrasion in some cases these sediments being the primary
(coarse) component in streams draining glaciers that lie

directly on bedrock.
The method by which sediment and rock par-

Cn•, c g ticles are incorporated into the glacier determines

the thickness and debris content of the basal zone.
0 Temperate glaciers (generally considered those at

Shatter the pressure-melting point throughout, including
S at the ice/bed interface) lying on bedrock are com-

monly characterized by a thin (less than 1.0 m)
brasin debris-laden basal layer in which primarily rock

fragments have been incorporated. These frag-

Particle Sie ; ments are reasonably well-dispersed in small con-
centrations throughout the regelation ice, typical-

Figure 53. Characteristic grain-size distributions re- ly at volumes of less than 5% (Lawson 1979a, Sug-
sultingfromprocessesofabrasion, crushingand impact den et al. 1987a, Hubbard 1991). This material is
(after Drewry 1986). thought to be incorporated primarily by regela-

tion in response to pressure-melting around bed-
each mechanical process (Fig. 53). A detailed sum- rock roughness features or obstructions to sliding
mary of the various mechanical and chemical pro- (Kamb and LaChapelle 1964, Weertman 1964).
cesses of bedrock erosion is given by Drewry Regelation is, by definition, the process of pres-
(1986). sure-melting and refreezing at the glacier's sole in

These various mechanical processes are respon- which the heat of fusion for melting is supplied by
sible for creating "new" sediment, which is either the heat of fusion released by adjacent freezing,
entrained by the ice or by water within the subgla- and involves essentially no net loss of ice by melt-
cial drainage system. Rates of sediment produc- ing and no net addition of ice by freezing. The
tion are difficult to estimate. Estimates from rock basal shear stress causes pressure to be higher and
abrasion rates measured beneath glaciers and those the melting point to be lower on the upstream side
from recently exposed bedrock substrates are of of a bump at the bed than on the downstream side
the same order of magnitude (e.g., Boulton 1974), of it. Ice therefore melts on the upstream side. This
but clearly can differ with the rock type, degree of water flows around the bump and refreezes on the
weathering and presence of structural weakness- downstream side. The heat released by refreezing
es.Sedimentconcentrationsinmeltwaterdischarg- is conducted back through the bump to allow
es, which are commonly used to define a glacier's further melting (Fig. 54). Because heat must be
sediment yield, are also used to infer erosion rates conducted through the bump, regelation is effi-
(e.g., Thorarinsson 1939, Ostrem 1975a, Chernova cient only for very small bumps, typically a few
1981, Kjeldsen 1981). Erosion rates approximated millimeters or less in size. Larger bumps result in
by this method may be reasonable where the gla- ice flow by enhanced creep (Weertman 1957,1964).
cier lies directly on bedrock and transports little During refreezing, debris from thebed (abrasional
supraglacial or englacial debris. However, such products or sediment) may be trapped in the rege-
estimatesbecome progressivelyless reliable as the lation ice, thereby being incorporated into the
amount of debris in transport increases, and per- glacier (Kamb and LaChapelle 1964), and creating
haps become meaningless when the glacier sub- a debris-rich layer that is tens of centimeters thick.
strateispredominantlysediment.Ingeneral, how- Much thicker (several to 10 m or more) and
ever, estimates based on sediment load overesti- more heavily debris-laden basal zones character-
mate this rate because meltwater also carries sed- ize glaciers where thermal conditions at the ice/
iment entrained by thermal and mechanical ero- bed interface permit the freezing of meltwater and
sion of debris on or within the glacier, as well as the creation of new ice at the glacier sole (Fig. 55)
existing sediment from the glacier substrate (e.g., (e.g., Weertman 1961; Boulton 1970,1972; Lawson
Gustavson and Boothroyd 1982). Additionally, and Kulla 1978; Lawson 1979b; Strasseretal. 1992).
sediments can be added from adjacent glacial or During freeze-on, sediments or rock particles at or
glacial tributary basins by streams entering the below the ice/bed interface can be included with-
subglacial drainage along lateral margins and at in the new ice. The resultant debris-rich basal zone
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ICE

Fi.ure ,54. Icefiormed by regelation, with ice
on the downn-glacier side of bed obstacles made
from refreezing of water pressure-melted from /
the up-glacier side of the same obstacle (after La,

Kamb and LaChapelle 1964). Maximum rege-
lation layer thickness is controlled by obstacle
size (about 10 lmm), but commonly may reach /BEDOOC
1.0 In thickness because of various mechanical /
stacking processes operating along the glacier
flow path.

is typically stratified, with layers or lenses of high of sediments at the ice/bed interface, and hence,
and low sediment concentration (Lawson 1979a, the processes (glacigenic, hydraulic) acting within
Sugden et al. 1987a,b). As a sediment source, lim- the subglacial zone (Lawson and Kulla 1978, Law-
ited measurements from glaciers and ice sheets son 1979a). Their structure may be modified by
suggest that this horizon commonly transports the subsequent ice deformation or planar shearing at
majority of the glacier's sediment load, except in the new ice/bed interface, but the actual effective-
the case of an extensive supraglacial debris cover. ness of these processes in altering the characteris-
Sediment volumes range from several percent to tics of entrained sediments depends upon where
over 900% in individual strata, with a mean exceed- the sediments are incorporated and the length of
ing approximately 25% by volume (e.g., Gow et al. flow and length of time over which they are subject
1979, Lawson 1979 a, Hubbard 1991). to basal mechanical processes (Lawson 1988b).

Sediment incorporation by freeze-on results in Thermal conditions at the bed of glaciers are
characteristics that dominantly reflect the nature poorly characterized, either by field studies or

Figure 55. Basal ice cov.ered by sediment released by ablation, Matanuska Glacier, Alaska.
Thick sequences of debris-laden ice develop mainly by accretion of ice and sediment to theglacier's
sole. H ere, the exposed sequetlce ranges from 5 to 7 m thick, with some overthickening by localized
overthlrusting (f thue margin to 12 In thickness.
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theoretical analyses, yet appear critical to sedi- tors, including bed roughness, topography, ice
ment entrainment mechanisms. Weertman (1961) flow rates and others. Complex situations, with
first theorized that, under nonsteady flow condi- multiple zones alternating in response to these
tions, changes in thermal conditions at the bed factors, result.
may result in large-scale entrainment of blocks or Robin (1976) theorized that cold patches that
rafts of material by ice accretion. Weertman as- are a few tenth's of a degree below the pressure-
sumed that under relatively thick ice, the temper- melting point and of 0.1 to 1.0 m in extent may
ature gradient in the glacier may be insufficient to exist, "permanently" or intermittently at the ice/
conduct viscous and geothermal heat fluxes from bed interface. They exist in response to heat trans-
the bed. Dissipation of this excess heat melts basal port with pressure and temperature variations at
ice, producing meltwater that flows generally out- an interface with a thin film of water. Robin pro-
ward toward the terminus in accordance with the posed that water derived from melting of ice just
pressure gradient. As the ice thins near the termi- above the bed or from external sources can freeze
nus margin, the temperature gradient steepens, to the glacier's sole in areas of either reduced
heat from thebedisdissipated and meltingceases. stresses or reduced basal water pressures. Heat
Freezing conditions develop where insufficient conduction by meltwater from within deforming
heatisgenerated to maintain the ice/bed interface basal ice toward the ice/bed interface (a "heat
at the pressure melting point. Weertman (1961) pump" mechanism) will temporarily cool the bas-
suggested that the location of the 0°C isotherm, the al ice and thereby produce cold patches. Changes
boundary where temperatures closer to the term- in water pressures in concert with stress variations
inus are below the pressure-melting point, could and heat flux around bedrock roughness features
change in response to various factors. A shift up- could likewise produce cold patches in high stress
glacier would depress temperatures in areas for- regions. A slight but relatively rapid reduction in
merly at the pressure-melting point and result in pressure could then temporarily result in water at
freeze-on of meltwater and the water-saturated temperatures below the pressure-melting point
materials just below the ice/bed interface. Large- (freezing) and permit ice growth on the glacier
scale amounts of bed materialcould be included in sole. Lliboutry (1987) similarly theorized that
the basal zone by this mechanism. However, be- freeze-on over areas of several decimeters can
cause of thermal constraints, this process is prob- occur on high parts of a rough bed.
ably restricted to the thinner parts of the terminus More recently, researchers have hypothesized
(less than 30 m thick) where mean annual temper- that ice accretion and sediment entrainment may
atures affect bed temperatures. Thus, this mecha- result from supercooling of water within the en-
nism may account for seasonal entrainment of glacial and subglacial drainage systems in response
sediment near the ice margin. to changes in pressure (Strasser et al. 1992, Alley et

Boulton (1972) sugg sted that the thermal re- al., in prep., Lawson et al., in prep.). Supercooling
gime at the base of a glacier can varyin response to in response to a rapid drop in pressure results in
certain physical parameters in accordance with ice nucleation within the water and ice crystal
Weertman (1961). The variations result in zones growth on cavity and conduit surfaces. Frazil ice,
where a net loss or net addition of ice and sediment as the nucleating crystals are called, continues to
can occur at the ice/bed interface. In a general grow and evolve within the supercooled water,
sense, zones can be identified with 1) net ice loss forming permeable masses or flocs that attach to
resultingfrommeltingbygeothermalheatandthe ice surfaces where sediments in water passing
heat of sliding and deformation, 2) no net ice loss through them are trapped within the interstices.
orgain, butpressure-meltingandrefreezing(rege- Eventually, continued ice growth forms a solid,
lation) active, 3) net gain of ice by freeze-on of debris-laden mass. Similarly, epitaxial ice growth
meltwater where the interface isslightlybelow the on cavity walls and ceilings can both trap sedi-
pressure-melting point, and 4) an interface where ments and close cavities. Sediments in contact
ick_ is frozen to the bed. Meltwater flowing from a with the supercooled water may also be frozen to
zone of net melting or regelation to a zone of net it. This new idea remains unproven, but under
freeze-on would create new ice on the glacier sole study.
and entrain sediment. The actual mechanics of this
process are, however, not yet defined. The distri- Debris characteristics
butionof these zones beneatha glacier can theoret- Because of the different sources of debris, its
ically vary in response to several controlling fac- passive or active mode of transport, and any sub-
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Gravel (> 2mn')

Figure 56. Grain size characteristics of various iefacies from Matan-
uska Glacier, Alaska. The solid subfacies has no preferred size distribu-
tion, with extreme texturaldiversityand poor to very poor sorting (from
Lauwsn 1 979a).

i- supraglacial debris0
ii - diffused fadces I *

Ill - banded facdes 0 ,i •
Iv - dispersed facdes *; VU
v - composite of stratified facdes
vi - discontinuous subfacies
vii - solid wubfades 0 VI

viii - suspended subfacies
Mud (<0.0625 mm) Sand (0.0625-2.0 mm)

sequent modifications by glacigenic processes, the meltwater flow can also remove the sand size frac-
characteristics of debris from the englacial and tion of supraglacial debris during glacier trans-
supraglacial zones differ from that within the bas- port, coarsening it, while processes involving
al zone and subglacial environment (e.g., Boulton freeze-thaw can break down materials into angu-
1970, Lawson 1979a,b). The primary differences lar particles (Fig. 57) (Sharp 1949).
are in grain size, shape and distribution. Supragla- In contrast, the sediments within the basal zone
cial and englacial debris are very coarse, poorly are much less angular and exhibit a wide range of
sorted, with few particles finer than sand-size, and grain sizes (from clay to boulder size), with the
extremely angular (Fig. 56) (e.g., Tarr and Martin actual grain size distribution related to the charac-
1914, Boulton 1978, Lawson 1979ab). Supraglacial teristics and composition of the glacier bed and the

Figure 57. Supraglacial debris. Meltwater erosion and topographic inversion caused by ablation
reworksupraglacial debris, sometimes moving it to englacial and basal positions through crevasses
and moulins.
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0.6 T-T- -• •TI mechanisms by which they are incorporated (Law-
son 1979a,b). In addition, the amount of reworking

0.4 - and meltwater transport of fine-grained silt versus
debris production is important in the final grain
size distribution. For example, debris in basal ice of

0.2 a temperate glacier lying on granitic bedrock is

typically coarse, containing sand to boulder size
0 particles, but little debris of silt or clay size (Fig. 58).

0.6 I t ' I I I IDI ebris inbasalicederivedfrombedsofuncon-
solidated sediment is more complex in character

t 0.4 (Fig. 59). Grain size distribution ranges from clay to
boulder size, exhibiting a poorly sorted, bimodal or

T even polymodal frequency distribution (Fig. 60).The actual size range, however, varies with that of
the source material and the process of incorpora-

0 tion and therefore may vary laterally and vertically
06 within the basal zone. Freeze-on processes produce

the most variable debris characteristics because
0.4 - they can incorporate sediment without regard to

size. Silt from meltwater is commonly important

0.2 and may dominate the distribution. Within the
basal zone, the debris, individual lenses and layers

0 surrounded by clear ice can be well sorted and of
--4 -2 0 2 4 6 8 10 limited size range where freeze-on incorporates

0 material with such properties (Fig. 61). Gravel-size
Figure 58. Typical grain size distribution curves clasts (granules to boulders) are less angular than
for debris from the dispersed facies of the basal supraglacial and englacial debris, often having
zone (from Lawson 1979a); this facies considered rounded edges and spheroidal to prolate shapes,
to be derived primarily from bedrock by the rege- similar to those of water-worn stream gravels (e.g.,
lation process. Lawson 1979ab; Boulton 1978).

Figure 59. Basal debris. Particles released by ablation of basal zone ice. Fine-grained compo-
nents are being removed by meltwater flow down the sloping ice surface. Mostly subround to
round shapes characterize subglacially derived gravel-size materials. Notebook for scale.
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100 I I

80~ Figure 60. Typical grain size distribution
curves from sediment within the stratified
facies of the basal zone ofMatanuska Glacier,

r - Alaska (from Lawson 1979a). Thisfacies is
C mainly derived from net freeze-on of sediment

by ice accretion to the glacier sole.
L40 -40

20 -

-6 -4 -2 0 2 4 8
*, Particle Size

a. Clear ice separates and sur-
rounds sediment, which may
occur in layers or be dispersed
or suspended within it. Sedi-
ment ranges from clay to pebble
size (scale in centimeters).

b. Well-stratified basal zone ice.
Sediments are mainly layers of
silt and sand, with occasional
pebbles (scale in centimeters).

Figure 61. Examples of debris in basal zone formed by accretion processes.
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The characteristics of the glacier's substrate are (e.g., Hallet 1974, Walder and Hallet 1979, Hallet
thus important in determining basal debris charac- and Anderson 1980, Sharp et al. 1989, Sharpe and
teristics and sediment transport by ice, as well as Shaw 1989). Glacier interactions with beds of sedi-
meltwater. Substrate characteristics are as varied ment are not as well defined by such studies be-
as glaciers themselves, and will reflect the geologic cause the beds are reworked by various subglacial
history prior to glaciation and the subsequent processes during and immediately following de-
effects of the glacier while above it. Glaciers may glaciation (e.g., Church and Ryder 1972; Boothroyd
he directly on bedrock stripped clean of sediment and Ashley 1975; Lawson 1979a, 1982,1988a; Sharp
by previous glaciationswhile others develop upon 1982, Dreimanis 1988).
sediments deposited by any number of nonglacial, Theoretical treatments and observations of the
glacial or proglacial processes. Perhaps more com- effects of ice flow indicate that subglacial sedi-
monly beneath larger glaciers and ice sheets with ments are deformed (e.g., Engelhardt et al. 1978,
lengthy flow paths, materials at the ice/bed inter- Boulton and Hindmarsh 1987, Clarke 1987). Shear
face may be in part bedrock and in part sediment. stresses generated by glacier flow can mechani-
The characteristics of the debris and ice of the basal cally abrade and comminute the coarser sedimen-
zone of the Matanuska Glacier in south-central tary particles (e.g., Boultonet al. 1974, Sharp 1982,
Alaska, for example, suggest that the bed has an Boulton 1979) and, under proper conditions, will
up-glacier section of mainly bedrock and a down- result in transport and a net flux of sediment to the
glacier section of mainly unconsolidated sediment glacier terminus (e.g., Boulton et al. 1974; Alley et
(Lawson 1986,1988b, Lawson et al. 1991). Because al. 1987a,b; Boulton and Hindmarsh 1987; Clarke
of the effects of bed topography, ice flow may 1987; Eschelmeyer and Wang 1987; Alley 1989b,
result in localized accumulations of subglacially 1991). Depths of deformation may exceed 6 to 7 m
eroded sediment on a bed that otherwise is mostly and depend on shear stress and effective pressures
bedrock (Hooke 1991). With time, the interaction in the bed.
of the glacier with the bedrock or sediment and the Theory indicates that a glacier resting on un-
erosion or deposition of these materials by subgla- consolidated sediment can move by discrete slid-
cial meltwaterwill determine the overall character- ing between the ice and bed, ploughing clasts
istics of the bed. through the uppermost materials (Brown et al.

Because of the inaccessibility of the subglacial 1987), by pervasive deformation, or by shearing
environment, the nature of the ice/bed interface across discrete planes at various depths within the
under active ice is poorly understood. Studies of bed materials (Fig. 62). The type of drainage sys-
ancient and recently exposed bedrock from be- tem (distributed, conduit-tunnel or linked-cavity)
neath glaciers, some with thin, discontinuous affects the magnitude of the sliding rate and depth
mantles of rock particles and fragments, have im- of deformation (Alley 1989a,b). Textural proper-
proved our understanding of subglacial processes ties of the bed material, particularly the number

Velocity

Ice.*. . . . . . . . . . . . Creep
Water ^^*,,^.^^^ J

\ Sliding

Till Ploughing

Till Shearing

Figure 62. Possible mechanisms of ice motion on a bed of unconsolidated sediment, with
deformation by pervasive shearing being the principal velocity component in wet-based
glaciers (after Alley 1989b). Deformation can result in a substantialffiux of sediment to the

Faulting terminus (Alley 1991).
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and size range of clasts, also affect basal sliding These relationships clearly affect estimates of the
rates and the importance of ploughing of clasts at probable long-term sediment flux and potential
the interface. In the case of water drainage in a dis- sediment discharge to glacier outlet streams.
tributed-flow system, pervasive deformation of Sediment flux resulting from the transport of
the underlying sediments may account for up to 60 debris within the basal ice zone can only be grossly
to 100% of the total velocity of the glacier's motion estimated at present. Several key parameters re-
(Alley 1989b). quired for sediment flux estimates, including sed-

iment volume and its spatial and temporal distri-
Debris flux bution, are poorly defined by measurements. The

The transport or flux of debris to the terminus of principal assumptions for flux calculations are
a glacier determines the long-term availability of 1) that sediment volumes are constant spatially
sediment for entrainment by ice marginal and within the basal zone and will not vary with time;
basin tributary streams. Sediment flux can be esti- 2) that the general distribution of debris-laden
mated on the basis of several parameters; howev- basal ice within the glacier is constant; 3) that a
er, in each case, this estimate is limited by the limit to the extent and thickness of the debris-
complex spatial and temporal variability in glacial laden basal ice must be based upon a presumed
debris, including that in a subglacially deforming thermal regime at the bed; and 4) that ice velocity
layer. The total sediment budget consists of the and thermal regime are constant over time.
flux of debris in transport and "new" sediment, The flux of basal debris in ice per square meter
produced by glacier erosion, that is entrained and width of glacier (SQB) can then be estimated by
transported in the subglacial drainage system. (Drewry 1986)

Alley (1991) has suggested that sediment trans-
port by bed deformation can be estimated by as- SQB = Ub hb Cb (90)
suming that the depth of deformation is directly where 11b = thickness of basal layer
related to the basal shear stress, the sediment's
yield strength and the effective pressure as it var- ub = basal sliding velocity
ies with depth. Velocity is determined by an in- cb = debris concentration in the ice.
verse relationship between the change in basal Because englacial debris is widely dispersed
shear stress and yield strength with depth as a and highly variable in concentration, it is difficult
function of the effective pressure at depth. In sim- to estimate englacial transport volumes and debris
plified form, the sediment flux by pervasive defor- flux. In most cases, englacial debris flux (SQE) is a
mation SQ 0 is small percentage of the total sediment flux and

SQ 0 = o(89) some constant value might be assigned for long-
term estimates. It might be better to estimate vol-

where hb = depth of deforming layer umes of englacial debris from volumes of material

1b = velocity at top of the deforming layer, exposed supraglacially by ablation below the equi-
approximately equal to u£, the ice vel- librium line and, as with basal debris, to make
ocity assumptions on debris dispersal and its variability

a = constant dependent upon sediment with time.
layer thickness and water pressure, Supraglacial debris transport (surficial depos-
ranging from about 0.1 to 0.5. its, medial and lateral moraines) can be more

accurately estimated if its extent and thickness can
The consequence of sediment reaching the gla- be measured. Debris concentration at depth below

cier terminus is determined by the relationship the moraines must be estimated as an englacial
between the sediment motion and ice sliding ve- component and is usually presumed constant with
locity, assuming they are equal, and the velocity of depth. Thus, supraglaciaI and morainal band sed-
the glacier at its terminus (ua). If Ua > aoub, the de- iment flux SQ, is
forming layer must erode at the terminus to main-
tain a constant deforming thickness hb during the SQ = U, h, w, + uhm Wm Cm (91)
advance. Without erosion, the deforming layer
will progressively spread over a longer and longer where u, = surface ice velocity
distance and become thinner and thinner. If ua = h, = thickness of supraglacial debris
alub, then there is neither erosion nor deposition w. = width of debris cover
and, if ui < aub, deposition occurs (Alley 1991). cm = debris concentration in moraine septa
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u = ice flow or creep velocity entrained by water flow at the ice/bed interface.
hm = thickness of debris septa taken equal to Vivian (1970) estimated bedrock erosion rates of

ice thickness about 20 mm/yr based upon analyses of pothole
wm = width of debris septa. formation below glaciers, and correlated these rates

with experiments on abrasion of quartzite. Rates of
Ice flow velocity u is commonly estimated from abrasion by sediment-laden meltwater depend to a

measurements of surface velocity based upon the large degree on the grain size, mineralogy and
flow law for ice. shape of the particles in transport, the total amount

Thus, the total annual sediment flux for glacier of suspended sediment, flow velocity and thecom-
or ice transport can be represented as the sum of position of the bed (Bezinge and Schafer 1968,
each debris flux component, integrated with re- Bogen 1989).
spect to the duration or length of flow Bogen (1989), based upon the work of Bouvet

(1958), suggested that the abrasive capacity of sedi-
t ment-laden meltwaters (s) might be represented as

SQr = J(SQD + SQE + SQs + SQa) dt. (92) s=Q.rqd (93)

Foraglacierwithasubstratethatismostlybedrock, where Qs = annual suspended sediment load
SQD is assumed equal to 0. r = grain shape, values ranging from 1 to

5 for well-rounded to angular parti-
Water entrainment and transport cles

The fluvial entrainment of sediment by water q = proportion of quartz particles to all
moving through the englacial and subglacial drain- other mineral particles in the 0.063- to
age system, as well as its role in subglacial erosion 0.125-mm size range
of the bed (e.g., Sharpe and Shaw 1989), are poorly d = proportion of sand-size particles
characterized by either direct measurements or (0.063- to 0.5-mm diameter) to total
theoretical hypotheses of the thermal and mechani- sediment weight.
cal processes of meltwater erosion.

Sediment concentrations in supraglacial streams Bogen (1989) suggested that this relationship
and the upper reaches of englacial streams range could define the magnitude of turbine wear in
from 0 to in excess of 60 g/L, but typically range hydroelectric power plants caused by annual gla-
from 50 to 400 mg/L (e.g., Dowdeswell 1982, Ham- cial discharges. Various other theories on the pro-
mer and Smith 1983, Fenn 1983, Gurnell1987). This cesses of meltwater abrasion and cavitation are
value is strongly influenced by the extent and tex- detailed by Drewry (1986).
tural nature of supraglacial and englacial debris, The largest potential source of material for melt-
with streams draining supraglacial moraines hav- water entrainment is unconsolidated materials in
ing the highest suspended sediment concentra- contact with the ice. Theoretical estimates of the
tions. erosive potential of conduits in unconsolidated

Debris in englacial and basal ice can be released sediment may be based upon traditional river flow
by melting of conduit and tunnel walls by water in theory (e.g., Allen 1985), assuming a configuration
response to viscousheat dissipation duringperiods for the subglacial passageway (R- or N-conduits
of increased discharge (R6thlisberger 1972). Simi- and tunnels) and appropriate water and ice pres-
larly, expansion of a linked-cavity system can sures.
release basal debris from orifice and cavity roofs, Alley (1989a) estimates sediment flux through a
while in a distributed flow system, pressure-melt- subglacial conduit embedded within sediment by
ing of the glacier sole can release debris. Rates de- assuming that it must equal the influx of sediment
pend on the concentrations of debris within the ice by creep into the conduit. Water flow can generally
and the quantity of heat available. The volume of be assumed to be turbulent within conduits (as
debris released by heat dissipation in conduits and well as within the "orifice" or connecting conduit
cavities has not been measured. of the linked-cavity system [Kamb 19871) and its

Similarly, there are few estimates based upon velocity can be defined using the Manning form-
direct measurements of, or theory concerning, the ula. Thus, mean velocity U. is
rate of mechanical erosion of bedrock (abrasion,
cavitation) and the volume of this material that is Um= M- 1 Pg1 /2 r2/3  (94)
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where M = Manning roughness coefficient T* = sediment strength
r = channel radius a, b Kb = constants.

Pg = local hydraulic pressure gradient.
The quantity of sediment eroded and transported

The erosion rate , is then given by (Alley by conduit and tunnel flow can be limited by the
1989a) capacity of the meltwater discharge. This limiting

condition will affect not only the sediment flux but
4e/ (95) also limit the conduit and tunnel dimensions. The-

2nrr ax oretical estimates of sediment flux by meltwater

erosion of an unconsolidated bed for various sub-
where x is distance measured along the channel, r glacial drainage types and configurations have
is the rate of change in r and I. is sediment flux in not yet been made.
the channel as given by

, = Jo nr 2 UM (96) SEDIMENT FLUX RELATIONSHIPS

where J0 is a constant. If we assume that the amount of sediment in
Alley (1989a) modifies this equation by substi- transport is mainly a function of the availability of

tuting the value Ur from eq 94 into eq 96, sediment at the ice/bed interface, including the
differentiating with respect to x, and substituting debris-laden basal ice, and of the action of meltwa-
the x derivative of JI. into eq 95. Based upon the ter within the englacial-subglacial drainage net-
relationship that work at the interfacial zone, qualitative relation-

ships between sediment transport-sediment yield
Q = itr 2 Lin, (97) and subglacial glaciohydraulic processes can be

deduced from data obtained by monitoring the
where Q is water flux, the erosion rate for turbu- waters emerging at the glacier terminus (Collins
lent flow ý, in terms of the water and sediment 1979a,b). Such an assumption is required because
flux is of our lack of understanding of subglacial sedi-

ment transport processes. One of the longest mul-

3JM 2 PgQx, tiyear records of sediment discharge in relation to
4nr 2/Q (98) water discharge and various water quality and
4itr 2 /3  meteorological parameters is that measured by

A similar expression for laminar flow is (Alley Collins over the last 15 years at the Gomergletscher

1989a) and Findlngletscher near Zermatt, Switzerland,
two of the glacierized basins feeding the Grande
Dixence S.A. hydroelectric scheme. In addition,

,, 64n p2  (99) various hydrological and glaciological studies have

been supported by Grande Dixence over the last 40

where gi is the viscosity of water. As stated in an years at these and other glacierized basins in this

earlier section, the creep closure rate 4,, which the region.

erosion rate must equal or exceed for the conduit On the basis of these long-term records, Collins
(1986, 1988, 1989) has concluded that the seasonal

to remain open, is given by patterns in sediment flux are related directly to the

(N- seasonal development of the subglacial drainage
c = Kb , N > r* network, and further, thatshort-term variations in

N baa sediment discharge are mainly a function of sedi-
ment availability for subglacial hydraulic process-

= 0, N < T* (100) es. The latter relationship is also a function of the
previous history of hydrological events that have

and removed (or deposited) bed sediments. Subglacial
hydrological events may include discharge varia-

• = tions as the englacial-subglacial drainage system
evolves each spring, sudden drainage of ice-

whe N = effective stress dammed lakes, temporary blockage of subglacial
T = shear stress passageways by ice flow, relocation or reestablish-
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ment of subglacial conduits, and flooding caused tact it. Because meltwater erosion is more "effi-
by rain. Feedbacks exist between the factors or cient" than ice erosion, abrasional products may
process, but sediment discharge may also vary be depleted during the melt season, and, thus, the
irregularly, volume of potentially erodible material adjacent

The type of subglacial drainage network will to conduits and tunnels and across major parts of
determine both the area of the bed over which the bed may be exhausted (Collins 1988, 1989).
water flow can withdraw sediment and the timing Only through rapid, large volumetric increases in
of active sediment withdrawal. For example, in the discharge, such as caused by precipitation or cata-
case of a glacier in which subglacial drainage con- strophic floods, will the drainage system expand
sists of both a linked-cavity system and a conduit- beyond primary conduits and tunnels, and there-
tunnel system developed on bedrock, with only a by reach previously inaccessible parts of the bed
thin or discontinuous sediment layer, seasonal with erodible sediment (e.g., Rothlisberger 1980,
variations in the extent and operability of each Collins 1986). Theoretically, this expansion is tem-
system affect sediment discharge at the terminus porary and any conduits formed in either the
(e.g., Iken et al. 1983, Iken and Bindschadler 1986). linked-cavity or conduit-tunnel system would be
Meltwater reaching the bed in spring progressive- unstable as the discharge decreases following pas-
ly reestablishes and expands the linked-cavity sys- sage of the flood; the drainage system would then
tem, resulting in increased pore water pressures, return to its previously stable arrangement (Walder
increased ice flow rates and increased sediment 1986).
discharge. The nature of the bed is an integral factor in the

Sediment transport may also vary rapidly as sediment discharge-drainagesystem relationship.
different parts of the bed are connected to the When the substrate is bedrock, it is a primary but
drainage system and sediment is progressively, exhaustible source of glacier erosion by-products.
but episodically, evacuated from new areas. In The bed acts as a secondary sediment source
addition, early in the melt season, diurnal varia- through its role as a storage medium. When the
tions in meltwater input may result in episodic substrate is sediment it's an erodible and deforma-
opening and closing of conduits connecting cavi- ble, more orlessconstant, primary sedimentsource.
ties (e.g., Iken and Bindschadler 1986). Subse- In the situation where a glacier lies on a bed of
quently, discharge via the conduit-tunnel system sediment, supply is apparently lessnimportant than
becomes increasingly more important, relative to drainage system evolution, meltwater supply or
the linked-cavity system, as meltwater input in- the factors determining meltwater erosion rate.
creases into the summer season. Overall, water The grain size distribution, consolidation history,
pressures decrease and the actual area of the bed piezometric pressure and other geotechnical prop-
from which sediment can be eroded decreases. erties determine the deformability and erodibility
Sediment discharge progressively drops through of sediment beds (Clarke 1987). The nature of the
the summer, with the frequency of large variations drainage system and the water pressure-water
that often characterize early summer runoff de- discharge relationship, however, determine the
creasing. Then, high sediment discharge results amountof channel orconduit erosion thatcan take
mainly from floods (e.g., Collins 1989). place and the area of the bed from which sediment

The lower sediment flux thatcharacterizes many can actually be withdrawn (e.g., Alley 1989a). The
glacierized basins late in the melt season apparent- existence of subglacial cavities will be related to
ly reflects the presence of a fully developed drain- the texture and geotechnical properties of the sub-
age system on a bed that is mostly rock, and an ex- strate material and control whether a linked-cavi-
haustion in the supply of sediment at the bed/bed ty or conduit-tunnel system prevails (e.g., Fowler
interface (e.g., Ostrem et al. 1967, Fenn 1983, Col- 1987a, Kamb 1987).
lins 1979b, 1988). The overall seasonal trend in On bedrock substrates, similar relationships
sediment supply reflects sediment being produced exist but other factors and potential feedback mech-
by glacier erosion during the winter period of low anisms include 1) bedrock erodibility and thus the
or absent runoff and remaining at the ice/bed in- potentialrateofsedimentproduction,2)bedrough-
terface until spring, when it is readily available for ness, which will affect drainage system type and
erosion and transport by meltwater runoff early in the amount of potential storage of sediment, 3)
the ablation season. seasonal evolution of the drainage system, which

As the melt season progresses, sediment is less may happen more rapidly on bedrock than on
readily available and meltwater less likely to con- sediments owing to existing topographic controls
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on drainage, and 4) sediment supply, which may edgeconcerning gLaciohydraulic processes of sed-
be exhausted rapidly. Where glaciers lie on a high- iment production and transport and the glaciohy-
ly resistant bedrock substrate with a well-estab- drologicprocessesofmeltwaterproduction, drain-
lished conduit-tunnel system, linked-cavity sys- age and storage hamper attempts to define quan-
tem, or N-channels following bedrock structures, tative relationships for sediment flux and sedi-
areas of the bed may remain inaccessible to runoff ment yield.
for long periods and thus the abrasional products
may accumulate. Only through events that flood
most if not all of the bed would such areas be SEDIM EN ISCH
evacuated of sediment (Fowler 1987a). Then the
drainage temporarily shifts from a distributed In general, rivers draining glacierized areas
film to conduit flow capable of sediment erosion transport significantly more solid matter in sus-
(Alley 1989a) and produces sudden sediment dis- pension and bedload annually than nonglacial
charges. Glacier surging may represent special rivers under their normal flow conditions, with
conditions of high water pressures that result in the suspended load increasingly important at dis-
large, inaccessible areas of bedrock suddenly be- tances downstream of the glacial source (e.g., Os-
ing evacuated of sediment (e.g., Humphrey 1986, tremetal. 1973,Guymon 1974, ChurchandGilbert
1987, Humphrey et al. 1986). 1975, Bogen 1986, Gumell 1987). Guymon (1974),

The annual yield of sediment therefore varies for example, concluded that glacial rivers in Alas-
with bed composition, glacier dynamics, climate ka have suspended sediment concentrations of
and the nature of the drainage system. On sub- 10 to 20 times greater than those of nonglacial
strates of bedrock, its composition and roughness streams. Sediment delivery rates of glaciers and
are directly linked to sliding, cavitation and ero- glacial streams are extremely variable, however,
sion by ice, and in a less direct way to the drainage from glacier to glacier and from year to year (e.g.,
system types and their extent across the bed. An- Ostrem 1975a, Guymon 1974).
nual variations will reflect longer-term storage of The sediment load is transported within a lim-
sediment in areas not drained repeatedly by melt- ited part of the year, with up to 95% transported
water flows. In a similar manner, the climatically during the melt season, the duration and timing of
controlled annual variations in precipitation and which vary with latitude and altitude. In south-
glacier mass balance and the frequency of ex- centralAlaska, for example, sediment is discharged
tremes in precipitation (both high and low) will between late May and early October, but between
determine thearea of thebed across whichadrain- mid-June and late August in northern Alaska.
age system can exist stably and erode sediment. Sediment transport during the winter is severely

On substrates of sediment, supply is not as reduced owing to the seasonal controls on the gla-
significant an issue as are the climatically con- ciohydraulic processes supplying sediment to gla-
trolled volumes of meltwater and precipitation, cial discharges. Few data sets are sufficient, how-
and the drainage system morphology and its an- ever, to determine if more detailed trends exist
nual evolution. and to identify the factors controlling sediment

For both types of substrates, our lack of knowl- yield.
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Figure 63. Diurnal ranges in suspended l
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Sediment discharge in rivers draining highly f- 150 1 1 1 1

glacierized basins can be extremely variable over 1__75
hours, days or seasons (Rainwater and Guy 1%1; 10
Vivian 1970; Vivian and Zumstein 1973; Ostrem i
1975a; Collins 1979a; Bogen 1980; Beecroft 1981; 5o-

Hagen et al. 1983; Gurnell and Fenn 1984b, 1985;
Bogen 1989). Volumes can change rapidly within o
a period of several hours or less (e.g., Ostrem et al. . 4 i 1
1967, Collins 1979a, Tomasson et al. 1980, Beecroft
1983, Humphreyet al. 1986), while a large propor- -"
tion of the total annual yield may be released over
1 to 2 days (Fig. 63, Collins 1979a). Ostrem et al. 2-

(1967), for example, measured a release of nearly
60% of the total annual load in a single 24-hourI
period. Flash floods can transport large quantities -,
of sediment (Fig. 64), and annual yields are highest 0o _ - ....__ ______ _

in years with multiple floods (Bogen 1989). Thus, 40

depending upon the dates of measurement, sedi- -
ment rating curves developed from daily totals E 30

will differ (Fig. 65 and 66, Ostrem 1975ab). Similar
variabilities can characterize the differences in 20

bed-load, suspended load and sediment yield be-
tween adjacent glacierized basins (Fig. 67) (e.g., 1
Gurnell et al. 1988).

Sediment discharge from surging glaciers can Figure 64. Suspended sediment discharge during the
also be extreme, varying by an order of magnitude draining of the ice-dammed lake Gornersee through the
greater than annual sediment concentrations be- Gornergletscher, Switzerland, 15-19 July1975. Rapid,
fore the surge, yet occur with only a small increase short-term increases in suspended sediment transport
in water discharge (Humphrey 1986, Humphrey characterize the rising limb of the flood hydrograph, while
et al. 1986). Using the surge of Variegated Glacier total sediment load peaked prior to peak flood discharge
(Humphrey 1986) as an analogy, Clarke et al. (after Collins 1988).
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Figure 65. Sediment transport rating curve obtained 50 -- ;e-
for a small glacier in northern Norway (Trollbergdals-
breen), based upon daily totals. The observation period is 0
divided intofoursubperiods, each of them given bydiffer- 0 1 2 3 x O
ent symbols (after Ostrem 1975a). Water Discharge (m3/day)
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,20- Figure 66. Discharge, suspended sediment con-
15 - - centration and daily suspended sediment ttrans-

10- port data for Erdalsbreen glacier, Norway
(1967). Hourly and daily variations characterize

5- sediment concentrations (after Ostrem 1975a).
0

-U

4M -

10 Jl20 10 Ag 20

32 x103  8 x x106  50 x Id 16 x106

28 -TSIdjIor NOUVO Bas Arlab
- 198664 1986

24 -Disclwrge 6 12

20 - Eat. range ot bedload
and suspended 3
sedirnent yield Bedkoad

16 -4and.ssene 8
20- -

12 20

8 2 4
Suspended EE

S 4- SedkTMelYield E1

*f 0 3 1 0 'a L 0 L:1 10 -
M-' ay Jun Jul Aug > >Jun Jul Au

E 28,060106 x 10 3 LM

Tsidiiore Nouve 05Bas Aolla
* 24 - 1987 6x 105 C' 1987

Z 50 12
S 20-

E - 40- E'

16 -4 -

308
12-

8 - 2 -0

4 10-

C Jun Jul Aug 0JulAu 0

Figure 67. Accumulated weekly discharge, suspended sediment load and bedload yield from the adjacent Tsidjiore
Nouve and Bas Arolla basins 1986 and 1987 (after Gurnell et al. 1988).
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Figure 68. Comparison of annual bedload and suspended load, 1968-86, in the stream
draining Nigardsbreen, Norway (after Bogen 1989).

(1986a) predicted that a surge in Susitna Glacier of five Norwegian glaciers. Church (1972) report-
could discharge roughly 30 times the estimated ed that suspended load was about 20 to 80% of
annual sediment load into the proposed Watana total load in the Lewis River, Canada, while at
Reservoir on the Susitna River, Alaska (R&M 1982). Nigardsbreen, Norway, Bogen (1989) found the
Such events and the inherent variability of sedi- percentage of bedload to vary between about 30
ment discharge are strong evidence that aperiodic and 60% of the total load (Fig. 69).
measurements are probably not representative of a Bedload may only travel several kilometers or
basin's sediment yield over the short or long term. less downstream in a year and, at distances further

The inherent variability in sediment discharge downstream in the basin, it may be indistinguish-
from glacierized basins reflects the characteristics able from bedload derived from nonglacial sourc-
of sediment in streams flowing from the ice. At the es. The proportion of total load composed of bed-
glacier margin, transport measurements indicate load therefore also decreases downstream, with
that the proportion of suspended load to bedload suspended load exceeding bedload by 3 to 6 times
varies with the nature of the sediment supply (vol- within 10 km or so of the glacier, but by up to 100
ume, location) and the internal drainage system times at distances of 100 to 200 km from it (Harri-
(Fig. 68). Ostrem et al. (1973), for example, found son 1986). The latter relationship is illustrated by
that suspended sediment composed from 50 to the Tanana River, at Fairbanks, Alaska, where the
nearly 80% of the total sediment load at the snouts suspended load to bedload ratio is 99:1.
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0.4 0° go

S- 0 - Figure 69. Ratio of bedload to total load in
relation to discharge for the river draining0.2 I I I i I I INigardsbreen, Nowy(after Bgn1989).
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Quantitative estimates of bedload volume have g/L (Fig. 70), with peak or maximum values re-
been attempted by a number of researchers, in- ported to range from 3.0 to 10 g/L, and over 20 g/
cluding Ostrem (1975a), who trapped all bedload L in extreme sediment discharges associated with
material behind a steel fence on the river draining early season floods or drainage of ice-dammed
from Nigardsbreen Glacier in southwestern Nor- lakes (e.g., Vivian 1970, Vivian and Zumstein 1973,
way. Over a 3-week period, approximately 400 Ostrem 1975a, Bezinge 1978, Collins 1978, Cherno-
metric tons of bed material was captured by this va 1981, Gustavson and Boothroyd 1982, Gurnell
net. Bedload in multiple glacierized basins was 1982, Smith et al. 1982, Hagen et al. 1983, Richards
estimated by Bezinge (1981) to range in volume 1984, Parks and Madison 1984, Cowanet al. 1988).
from 80 to 450 m 3/km 2 per year from gravel traps Record values of 36 g/L on the Drance River and
at the Grande Dixence hydroelectric project. More 150 g/L on the Isere were measured by Parde
recently Bezinge et al. (1989) used Grande Dixence (1952) as reported by Bezinge (1978). Downstream,
sediment trap data to estimate that bedload had an away from the ice sources, mean suspended sedi-
annual mean of 12 to 14 x 103 metric tons over the ment concentrations are typically less than 1.5 g/
period 1977-1987, composing between 25 to 46% L (Gurnell 1987), but may reach 3.0 g/L in large
of the total load, depending upon the analysis Alaskan rivers (e.g., Guymon 1974, Coffin and
used. When data from multiple basins within one Ashton 1986). During winter, minimal amounts of
or more regions are compared, bedload volumes suspended sediment are in transport, with con-
vary widely without a consistent pattern (e.g., centrations typically ranging from 0 to 0.01 g/L
Church 1972, Laufer and Sommer 1982, Hammer (Parks and Madison 1984).
and Smith 1983, Bezinge 1981, Bezinge et al. 1989, Given the symbiotic nature of water and sedi-
Bogen 1986,1989). ment in transport, studies have analyzed the pos-

Variations in suspended sediment load at the sibility of a direct relationship between suspended
glacier outlet also characterize glacially fed rivers sediment load and discharge. No simple correla-
further downstream, reflecting the sediments' fine- tion apparently exists between them, either within
grained nature and ease of transport. Suspended a basin (Fig. 71) or in adjacent basins (Fig. 72) (e.g.,
sediment concentrations in waters discharging Ostrem 1975a, Collins 1978, 1988, Gumell 1987).
directly from glaciers typically range from 0.5 to 5 Maximum suspended sediment discharge can com-

Figure 70. Sediment-laden meltwater in turbulent discharge from Matanuska Glacier,

Alaska, in late May 1993. Sediment concentration averaged 2.5 g/L.
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monly take place before maximum runoff, ei- 111-- I-Tsk:!k" Norve -120

ther daily or annually. Over the year, for exam- 40 m(199N)uv

pie, suspended sediment discharge is generally -80
higher early in the melt season and decreases
through the season until it is proportionally 40
lower in volume relative to water discharge in
the late summer (Fig. 73). This seasonal trend 0 0

appears to be related to the availability of sed- 40- I I I

iment, which is potentially greater after the mIa A

low-flow winter when sediments accumulate 20- -50

below the glacier. c ,,
Over shorter periods this relationship can 0 .. 0,

differ for the rising and falling limbs of the dis- Eso
charge hydrograph (Fig. 74) (Ostrem 1975, Col- 60 TaTdpemNoUt"- 160lins 1979a, Church and Gilbert 1975). Plots of O19w" .-12
sequential sediment discharge versus water dis- 8 402o

charge measurements with this relationship can -o8
display a hysteresis or loop to the curve (Fig. 0
75). A clockwise hysteresis means that there are 40
greater sediment concentrations on the rising 0
limb of the diurnal hydrograph than at equiva- 60- •r-----r--r
lent discharges during the falling stage. Ostrem - Aroma -- 20
(1975a) found hysteresis effects several times 40- (199n)
through the summer melt season for periods - s8
lasting several days or more in conjunction with
abnormally high discharge events (Fig. 75 and 40
76). Clockwise hysteresis loops that included 0 . . . 0
strong involutions were also found to recur 10 20 10 20 10 20
daily by Collins (1979a) during extended peri- I I

ods with high rates of ice ablation and snow- Figure 72. Variations in daily suspended sediment
melt (Fig. 77). Involutions reflect irregular vari- yield and discharge through the melt season for two
ationsinsedimentconcentrationwhichCollins adjacent glacierized basins in the Swiss Alps (after
(1979a) interpreted as changesinsedimentavail- Gurnell et al. 1988).
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Figure 76. Hysteresis loops characterizing periods of Figure 77. Diurnal hysteresis loops with involutionsfor
discharge over several days during the 1969 melt season suspended sediment concentration as afurnction of dis-
at Nigardsbreen, Norway. Each loop is associated with a charge plotted sequentially with time for the Gornera
period of high water discharge (after Ostrem 1975a). stream, Gornergletscher, Switzerland (after Collins

1979a).

ability within or at the bed of the glacier. Sediment 1986). Proglacial processes tapping different sedi-
supply problems may also be responsible for hys- ment sources, such as unvegetated moraines (e.g.,
teresis effects over longer periods following major Bogen 1980, Hammer and Smith 1983, Richards
meltwater discharge events (Gurnell 1987). Poten- 1984), may result in sediment bursts further down-
tially, discharge vs. suspended sediment relation- stream. Sediment input may also result from re-
ships could be developed on the basis of different working of sediment on moraines or moraines
parts of such hydrographs; however, Ostrem (1975) with ice cores (Fig. 78). Melting of buried ice induc-
and Fe 1(1989) concluded that such an analysis es instability, erosion and transport of sediments
would only be valid during that year and could by various mass movement processes and melt-
not be applied to out-years, even in the same basin. water streams into the main river draining the gla-

Sporadic peaks in sediment discharge that are cier (e.g., Lawson 1988). As with meltwater, sedi-
unrelated to flow are believed to reflect discrete ment is effectively stored within and at the glacier
inputs of sediment into the drainage system. These bed because not all of the bed is hydrologically
sudden but short and irregular increases in sus- interconnected, nor are englacial and subglacial
pendeci sediment concentrations are common in discharges in the smaller arterial conduits neces-
streams at the glacier margin (e.g., Rudolph 1962, sarily capable of entraining all available materials
Mathews 1964a, Ostrem 1975a, Collins 1979a, Bo- (e.g., Collins 1988, Bogen 1989).
gen 1980, Gurnell 1982, Gumnell and Warburton Currently, limited data indicate that total sedi-
1990, Johnson 1991b). The erratic nature of these ment load or annual sediment yield reflects short-
sediment bursts may result from subglacial chan- erduration variability in sedimentdischarge; quan-
nel migrations that capture a new supply of sedi- tities of 103 to 108 metric tons/year have been
ment (Collins 1979a, 1988) or from glacier motion measured in basins of various size and percentage
that also establishes new sediment sources for en- of glacier cov~er (Gurnell 1987). Annual sediment
glacial or subglacial flows (e.g., Humphrey et al. yields summarized by Church and Gilbert (1975)
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ranged from 140 metric tons/km2 per year to over glacier of similar dimension to those in Norway.
1900 metric tons/km2 per year, with yields from Guymon (1974) analyzed recordsforthe Knik Gla-
recent volcanic terrain as high as about 4000 to cier basin, which contains a much larger glacier
8000 metric tons/km2 per year. Ostrem (1975a) and higher percentage ice cover than either Gor-
presented 5 years of data from streams draining nergletscher or Nigardsbreen; annual sediment
five Norwegian glaciers, where the average sedi- yield here is over 20,000 metric tons/km2 per year.
ment yields ranged from 414 to 1545 metric tons/ While the basic factors affecting sediment yield
km2 per year, but varied by ±25 to over ±40% have been identified, their role in determining
(Ostrem 1975a,b). Sediment data from large re- annual trends have not been quantified and stud-
gional catchments with multiple glacierized ba- ies suggest that relationships are not straightfor-
sins across Alaska had sediment yields ranging ward (e.g., Ostrem 1975a). Sediment yield is affect-
from about 2 to 60 metric tons/km2 per day (Parks ed by such factors as 1) basin geology and thus the
and Madison 1985). erodibility of materials beneath the glacier; 2) cli-

Bogen (1989) also reported annual sediment mate and its effects on mass balance and runoff; 3)
loads ranging from as little as 3 to 10,400 metric glacier dynamics and thermal regime and their
tons/year at 14 glacier-fed intakes for the Brehei- effects on erosion and sediment entrainment by
men-stryn power plant in Norway. Data from ice; 4) the percentage of glacier cover and its state
Nigardsbreen, Norway, for the period 1968 to 1986 of change; and 5) the type and extent of the subgla-
indicate large variations in total load from year to cial drainage system in relation to the location and
year (10,000 to 40,000 metric tons/year) (Bogen quantity of sediment available for transport. Cur-
1989). Mean annual sediment yield of the glaciers rently, data on sediment discharge are represen-
across Norway ranged from a highly variable 100 tative of only a select few of the Earth's glacierized
to 1300 metric tons/km2 per year (Bogen 1989). In basins (e.g., Gumell 1987), and thus they are insuf-
contrast, Bezinge (1978) found a much higher maxi- ficient to assess the magnitude of long-term fluctu-
mum sediment yield of about 6000 metric tons/ ations in annual sediment yield in either basins or
km2 per year at Gornergletscher, Switzerland, a regions (Church and Gilbert 1975, Harrison 1986).

Figure 78, Ice-cored moraine
next to the active margin of
Matanuska Glacier, Alaska.
Ice core is exposed in approxi-
mately the center of the photo-
graph, above the stream. Re-
working moves previously de-
posited sediments, whichorigi-
nated from basal zone debris,
into streams feeding the main
river (upper left) and can cause
sporadic increases in sediment
concentration downstream (see
people for scale).
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Part 3. Models of Runoff and Sediment Yield

INTRODUCTION tailed short-term predictions (weekly, daily or
even hourly) if appropriate near-real-time data are

Two types of models are used to predict runoff available. Such models are designed with the in-
or sediment yield from basins or watersheds: tent that they can be applied to ungauged basins.
statistical orphysical (conceptual). Statisticalmod- Problems with physical models typically come
els use hydrological and meteorological data to from limited knowledge of the processes and con-
derive mathematical relationships for various para- trols on basin-watershed hydrology and hydraul-
meters of interest. Such models are typically used ics; this limitation is particularly true for glacier-
to forecast maximum or recurrent floods for long- ized basins.
term planning or design. Through quantitative In thispart, models specific to partly glacierized
statistical analyses, relationships are derived that basins are briefly reviewed. Other models of run-
attempt to linkhydrologicalparameters to various off or sediment yield that are not specific to gla-
basin characteristics (e.g., elevation, climatic re- cierized conditions maybe applicable with appro-
gime, basin area). However, predictions are diffi- priate modifications for the glacial effect, but they
cult, if not impossible, to apply regionally to un- will not be considered in detail in this monograph.
gauged basins based simply upon similar, com- An example of a nonglacierized physical model
parative data; they generally require additional for basin runoff that is widely used for predicting
data measured in the basin of interest. Statistical snowmelt runoff is SSARR (USACE 1972, Speers et
models are limitedin application because theyare al. 1979, Cassell and Pangburn 1991).
not tied directly to the processes determining ba-
sin hydrology and, further, they rely heavily on STATISTICAL RELATIONSHIPS
long-term data records that often do not exist for
glacierized catchments. Severalbasins within Nor- The traditional statistical approach of using
way and Switzerland are general exceptions (e.g., empirical equations derived from multiple regres-
Ostrem and Wold 1986, Rothlisberger and Lang sion techniques has been applied to partly glacier-
1987). ized basins ranging in area from several to 1000

Physical or conceptual moidels are formulated km2 or larger in a variety of locations globally. In
to simulate the actualprocesses determiningbasin the examples described below (and others not
hydrology and hydraulics. Physical models of the treated here), the statistical approach requires data
hydrological system, therefore, require knowledge records of 5 or more years, but preferably longer-
of the mechanisms and controls on basin runoff term, multi-year data sets of 30 years or more. The
and sediment yield, which in many instances are models are in general basin-specific; they require
poorly understood. They, too, require data records calibration for each basin under consideration.
for evaluating parameter relationships. Certain The high variability of runoff and sediment yield
physical models (e.g., Lang [19801 discussed be- in glacierized catchments makes precise short-
low) use statistical relationships between various term as well as long-term statistically generated
basin parameters to develop or simulate physical forecasts difficult.
process relationships, particularly when process- An inherent weakness in statistical treatments
es are complex and not sufficiently understood to is the assumption that the variables (discharge,
model directly. Physical models can provide de- sediment concentration, etc.) evaluated empirical-
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ly have a linear or log-linear relationship; this Predicting runoff
assumption is not generally warranted for moun- Parks and Madison (1984) analyzed hydrologic
tainous glacierized basins (e.g., Tarar 1982, Meier data from major rivers draining both glacierized
1983, Ferguson 1985, Fenn 1989). Further, relation- and nonglacierized basins in six hydrologic re-
ships among the various independent and depen- gions that cover the entire state of Alaska. In these
dent variables are incompletely understood, so multiple linear regression analyses, they exam-
that errors in regression estimates cannot be accu- ined the relationship of stream flow to several
rately assessed (Parks and Madison 1984). independent variables in the categories of 1) phys-

The general form of the multiple linear-regres- ical and climatic characteristics of the basins, 2)
sion equations used in statistical relationships is channel width, 3) mean annual flow and 4) 2-year

peak flow. Physical and climatic characteristics of
y = a + blx1 + b2x2 + ... + bnxn (101) each basin are those routinely analyzed by the

USGS and include drainage area, channel slope,
where y = hydrologic characteristic channel length, mean elevation, water storage,

a = regression constant forest cover, glacier cover, mean annual precipita-
b = regression coefficients tion, mean annual snowfall, mean minimum Jan-
x = independent basin variables uary temperature and intensity of precipitation.
n = number of basin characteristics. Hydrologic factors include instantaneous flood

peak magnitude, mean annual discharge, low-
To account for the generally nonlinear behavior flow flood volume and flood surface flow width.

of flow characteristics relative to the independent Parks and Madison (1984) found that only two
variables, variables are transformed to logarithms basin characteristics-drainage area and precipita-
(e.g., Benson and Carter 1973). The general form of tion-gave usable estimates of stream flow on the
the log-linear relationship is basis of the statistical significance of the log-linear

relationships for mean annual flow, peak flow,
logy = loga + (b, logxl) flood volume or low flow (Fig. 79). Considering

the percentage of glacier cover did not significant-
-- (b2 logx 2) + ... (b, log xn) (102) ly improve estimates, either regionally or state

wide. While reliability of the equations varies from
or the equivalent exponential expression region to region, regional estimates using regres-

sion equations did not significantly differ in error
y = axi' x2b2 ... xn'. (103) from the state-wide estimates. In addition, they

found that peak flow estimates had no apparent
Stepwise regression analyses are commonly per- relationship to percentage of glacier cover.
formed one by one to determine theeffects of inde- Several problems exist with the generalities of
pendent variablesand to developthebestrelation- the Parks and Madison (1984) study, which are
ships. especially applicable for comparing glacierized

Accuracy or reliability is commonly defined by and nonglacierized basins. Data are particularly
a statistical function such as the correlation coeffi- problematic; the paucity of data for Alaskan riv-
cient (r), which expresses the degree of correlation ers, the large regions and river basins under con-
between two (or more) variables, and its square, sideration, and non-representative data sets re-
which is the coefficient of determination (r 2), indi- flecting large regional differences in stream type
cating the goodness of fit of the data to the equa- and basin character clearly affect the significance
tion (r2 = 1.0 would be a perfect fit). A standard of the results. In addition, the locations of gauging
error function defines the variation of actual data stations are far from the glacierized parts of the
from the predicted values. The standard error, for basins and therefore the apparent effects of gla-
example, is an estimated limit within which about ciers on runoff and sediment yield are misrepre-
two-thirds of the actual hydrologic characteristic sented (e.g., Borland 1961, Guymon 1974).
is expected to fall. The coefficient of variation CV Parks and Madison concluded that the lack of
which is equal to the standard deviation of a data data, their bias in time and their areal distribution
set divided by the arithmetic mean, is often used compromise the reliability of estimates of stream
for comparison of daily, monthly or annual varia- flow, so that use of the derived relationships may
tions in runoff. be highly questionable. For example, data sets of

individual factors ranged in number of samples
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from as few as9 to as many as 200, but were mainly of 25 years or longer, is in large part ascribable to
30 to 70. A standard error of prediction could not the lack of longer-term data sets. A 100-year flood
be computed. There is also considerable scatter to recurrence interval, for example, could not be
the data, even when they are plotted in log-log defined for either region owing to the lack of data.
format, and, in fact, the goodness of fit suggested Ashton (1984) considered the effects of the short
by the r2 values (range 0.75 to 0.99) is very likely an Alaskan data records on estimated flood magni-
artifact of the limited number of hydrologic and tudes. Various recurrence intervals were analyzed
climatic data. Currently, there are no active Alas- usingsubsetsofdataextracted from30-year records
kan stations that record stream flow or water qual- at nine gauging stations. He applied a log-normal
ity daily (Parks and Madison 1984), data that are distribution to compute flood magnitudes at re-
required for improving the reliability of these currence intervals of 1.25 to 100 years. As expect-
statistical estimates. The regression relationships ed, Ashton found that 10-year records provide
for stream flow parameters presented by Parks estimates of 100-year flood magnitudes that were
and Madison (1984) should therefore only be con- closer to the 30-year record than 5-year records,
sidered a rough, first approximation of runoff for but with a highly variable range of 8 to 50% devi-
stations far removed from the glacierized parts of ation. A 22-year record is considered the shortest
a basin. necessary for reliably estimating 100-year floods.

Lamke (1978) had previously evaluated Alas- It should be noted that Lamke's (1978) analysis
kandata usingonly twohydrological regions (mar- had to use data from 54 stations with less than 10
itime and interior) and a multiple regression anal- years of record.
ysis of flood peak magnitude and flood frequency Chapman (1982) analyzed daily flow records
at various recurrence intervals. He examined the from 57 streams in Alaska to develop mean daily
same set of basin characteristics as used by Parks flow hydrographs and relationships indicating
and Madison (1984) for 260 sites. Lamke applied a when particular flows will be exceeded 10 and
log-Pearson distribution that suggested that peak 90% of the time. A log-normal distribution was
flows could be related to mean annual precipita- assumed for the daily data. Glacier-fed streams
tion, drainage area and water storage (lakes and were treated the same as nonglacierized streams.
ponds) in the maritime region and, in addition, to The results are presented as representative mean
the mean January temperature and forest cover in hydrographs with 10 and 90% recurrence inter-
the interior region. vals. While glacierized and nonglacierized basin

Lamke's flood frequency analyses suffer from streams may show significant differences, such as
the same basic problems of reliability and appar- multiple secondary peaks or much higher dis-
ent accuracy that plague Parks and Madison's charges, Chapman did not analyze their origins
(1984) analysis. The effect of glacier cover was not and the hydrographs appear difficult to use for
analyzed specifically, although streams affected predicting runoff.
by glacier outburst floods were eliminated from Mayo (1986) analyzed annual runoff from gla-
the analysis. The relatively high standard errors, cierized basins in relation to the apparent Equilib-
particularly for floods with a recurrence interval rium Line Altitude (ELA) (mass balance = 0). His
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analysis is based upon mass balance data, ELA isted with the log of the previous day's stream
measurements and runoff records from three ba- flow and the average temperature, similar to the
sins in different regions of Alaska. This analysis findings of Lang and Dayer (1985).
indicated an inverse relationship between annual Using the 1977 data relationships, Bjerklie and
runoff rate (meters/year) and the ELA. Mayo de- Carlson compared model results to data records
veloped a graph of this relationship to define the for 1969 to 1977, finding that the regression rela-
glacier and nonglacier runoff components, assum- tionship estimated annual melt volumes with an
ing that it was generally valid for Alaskan glacier- accuracy similar to other methods (e.g., Mayo and
ized basins. From these values, average annual Trabant 1984). However, the timing and magni-
runoff for glacier-covered and open areas is de- tude of meltwater peaks were commonly over-
fined. predicted, and the effect of rainfall could not be

Runoff R is calculated from defined by this relationship. Sensitivity evalua-
tions also indicated that the indexing of melt with

R - N Sn + GSg (104) temperature is basin-specific. Daily stream flow
Sn + Sg predictions, based upon the log of the previous

day's flow, were considered reasonable estimates
where N = nonglacier alpine runoff rate for daily forecasting.

Sn = nonglacier alpine area Collins (1987) analyzed discharge records from
G = glacier runoff rate rivers draining five heavily glacierized Alpine
Sg = glacier area. basins (about 36 to 68% by area) in the Rhone River

area of the Swiss Alps to assess the long-term rela-
Mayo (1986) applied this relationship to the tionship of runoff to climate in the hope that accu-

gauged, glacierized Knik River basin. Predicted rate runoff predictions could be made without
average annual runoff rate (2.0 m/yr) was in re- glacier mass balance data. Mass balance data are
markable agreement with measured rates for a 24- costly, difficult to obtain and generally not avail-
year record and suggested its may be applicable to able. Ultimately, such a relationship might allow
other partly glacierized Alaskan basins. Mayo, prediction of the effects of future climatic change
however, did not state whether outburst flooding, on long-term variations in runoff.
which was common in this basin during the years Multiple regression analyses of climatic and
of record, was considered. The ELA method was hydrological records spanning the period of 1922
then applied to the ungauged Bering Glacier to 1983 were made for five basins ranging in area
basin, where the estimate of annual glacier runoff from about 39 to 778 km2, with maximum eleva-
rate (3.8 m/yr) accounted for an estimated 79% of tions ranging from 3634 to 4634 m. Meteorological
total runoff, data were obtained from three stations, but prima-

As Mayo (1986) stated, the relationship of annu- rily from two, one within the largest catchment at
al ELA to annual runoff has not been demonstrat- Zermatt and the other at Sion within the lower
ed, although he estimated a 0.2-m/yr accuracy for Rhone River valley. Hydrological records were
this technique. He suggested that it be restricted to from gauging stations within the lower reaches of
glacierized basins within the 60 to 70'N latitude each basin. Hydrological and climatic analyses
band because its application north and south of were then compared to define temporal and spa-
this band would over- and under-estimate runoff tial patterns within and between basins.
there respectively. An advantage of thismethod, if Runoff records show that annual flows behave
the relationship holds, is that the ELA and percent- synchronously during maximum and minimum
age glacier cover in the basin are parameters that discharge years, with a high degree of correlation
can be estimated from topographic maps and re- between basins. Runoff varied from the mean by
motely sensed images. -25 to 30%, with up to 50% deviation in the basin

Bjerklie and Carlson (1986) evaluated multiple with the largest glacier cover (Zermatt basin).
regression techniques for defining the daily melt Mean annual air temperatures from May-Septem-
component of runoff from glacierized basins, us- ber also show considerable, yet parallel, year-to-
ing about 20 years of data from the Phelan Creek year variations at each station.
basin containing Gulkana Glacier, Alaska (61% of Correlation coefficients for discharge and hy-
total area). Regression analyses of daily discharge drometeorological variables showed that, while
and temperature forjune, July and August of 1977 precipitation and discharge were only weakly cor-
indicated that the best parameter relationship ex- related, mean air temperature (May-September)
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is strongly related to discharge, especially in the cient along the outlet path, and various data such
more heavily glacierized basins. The goodness-of- as lake temperature and ice flow law parameters.
fit of multiple regression equations for predicting Because the location and general timing of floods
annual runoff trends was highest using mean an- from ice-dammed lakes may be known, several of
nual air temperature and was improved by the the physical parameters can be measured in ad-
addition of winter precipitation totals. Collins vance when accurate predictions of Qm are re-
(1987) concluded that this relationship provides a quired.
reasonable estimate of potential runoff changes in For lake temperatures near 0°C, tunnel enlarge-
heavily glacierized basins during changes in cli- ment by melting is minimal and the predicted
mate, but that to improve predictions, it will re- peak discharge Q. is estimated by
quire conceptually based models that consider the
effects of radiation and dimensions of the ablation V= Pwg z. 011/ (106)
area. N 1i2(pL)4/3

It is important to note that Collins' (1987) analy-
ses indicated that a VC shift in the 10-year mean where N = (4x)2/3pwgn' 2 (a constant defined by
annual temperature resulted in a significant change Nye for a circular tunnel)
in the 10-year mean runoff. Cooling by 1°C in the Ny for a circular tunnel)1960197 peiod edued lowby aout25%andK° = 2B3(n~l)/ 2 /nn (also a constant related
1960-1970 period reduced flow by about 25% and to flow law as defined by Nye) are
resulted in glacier expansion. Warmer periods assumed and
from the early 1940s to the early 1950s, which were zw = lake surface elevation above tunnel
associated with a reduction in glacier cover, pro- outlet
duced markedly higher than normal annual run- Vo = lake volume
off. Clearly, the potential effects of climate on n = flow-law exponent, generally 3
glacie, massmustbeconsideredwhenstatistically B = flow-law constant
evaluating periods of record. n' = Manning roughness coefficient

L' = effective latent heat of fusion for ice
Predicting outburst floods

Predicting extreme floods for glacierized catch- 10 = length of drainage tunnel

ments is limited by relevant data. Clague and Pi = density of ice (900 kg m-3 )Mahws(97) hwvedeveloped a purely Pw= density of water (1000 kg in- 3)
Mathews (1973), however, developed a pure- g = acceleration of gravityempirical relationship based upon analysis of se- s = distance along drainage tunnel.
lected case histories for estimating maximum or
peak discharge during glacial outburst floods Where the initial lake water temperatures are
(j6kulhlaups). This relationship, which produces significantly higher than 0°C and thermal energy
remarkably reasonable estimates for a variety of is dominant in tunnel melting, the relationship
situations, simply equates peak discharge (Qmax becomes
[m3/s]) to lake volume (V. [M 3]) at the start of
flooding as Qmax = 0.424 kw(O(A-m -O)Vo.1

Qmax = 75 (V./106)0-67. (105)

While not a strictly statistical analysis, Clarke [[pw g zw(t/to ]]21/50 2p 16/25

(1982) improved predictions of Qm. by consider- N 1\/2h )
ing other variables that affect discharge (such as (107)
reservoir geometry). He also added a physical
treatment of the problem by examining thermal where 0 tAKE = lake temperature
effects using the theoretical model of Nye (1976) 9i = ice temperature
for j6kuLhlaups at Grimsv6tn, Iceland. Clarke's rn = viscosity of water.
analysis considered the role of thermal energy in
tunnel enlargement by melting or its closure by ice Clarke (1982) illustrates application of these rela-
creep following the beginning of the flood. Simpli- tionships for an estimated Q. using an outburst
fying his model is necessary for all field applica- flood case history.
tions as it requires simulation of discharge for Chapman (1986) has suggested a potentially
various values of the Manning roughness coeffi- simplified forecast procedure for outburst flood

77



hydrographs once flooding has begun. Although from 1974. The range in a and b values and poor de-
the recurrence interval of such floods may be grees of fit given by low r2 values indicated that the
known, the precise date and time when they will relationship of sedimentconcentration to discharge
begin cannot be predicted. Therefore, Chapman varies between the rising and falling limbs of the
(1986) presents a method to predict the hydrograph diumalhydrograph. Suspended sediment in trans-
for the remainder of the flood to permit down- port also fluctuated by as much as 100% in only 1-
stream predictions of its severity. Analyses of data or 2-hour periods. Considerable inaccuracy there-
from 14 glacier-dammed lake outbursts on the fore resulted from sediment load calculationsbased
Snow River suggested that the cross-sectional area upon the assumed log-linear relationship (Collins
of the lake outlet is proportional to the amount of 1979a).
water that flows through it by Richards (1984) used a multivariate regression

analysis to develop short-term sediment rating
curves for the Storbregrova stream draining the

where Q = discharge (m3/s) Storbreen glacier in J6tunheimen, Norway. As
C = coefficient of discharge Collins (1979a) found, there were higher sediment
A = cross-sectional area of the orifice (M 2 ) concentrations on the rising limbs of the discharge
g = 9.8 m/s 2  hydrograph. Improved explanation of variance in
h = head (m) (i.e., lake depth). the relationship between sediment concentration

and discharge could be obtained if changes in sedi-
Although the actual tunnel cross-sectional area ment concentration with discharge were analyzed
cannot be measured during the event, it will be by separate, multivariate rating curves that de-
established early in the break-out. Then it can be pend on the rate of change of runoff and the stor-
estimated from past records of lake level changes, age of sediment within the immediate proglacial
which are correlated with a current aerial survey area. As with other attempts at defining sediment-
of the outburst lake level and with discharge data discharge relationships, these multiple regression
from a downstream gauging station. Iterative cal- analyses had low degrees of fit (r2) and thus ques-
culations then define the best fit of the present and tionable predicative capability.
past data to forecast the flood hydrograph. Parks and Madison (1984) also evaluated sus-

pended sediment relationships for the regional-
Predicting sediment discharge ized Alaskan "basins" that were described previ-

The relationship of sediment yield to discharge ously in the section on statistical runoff analyses.
has been evaluated statistically for a number of Suspended sediment data exist for over 850 sites in
glacierized catchments. Suspended sediment rat- Alaska, but most measurements were taken inter-
ing curves have been developedby Borland (1961), mittently and most sites had fewer than 20 samples
Mathews (1964a), Church (1972), Guymon (1974), for periods of record of 1 to 13 years between 1948
Ostrem (1975a), Bezinge (1978), Collins (1979a), and 1984. Of these sites, they picked 60 for sus-
Bogen (1980,1989), Parks and Madison (1984), and pended sediment analyses on the basis of record
Fenn et al. (1985), among others. In general, varia- length (greater than 5 years), coincident discharge
tions in sediment concentration and water dis- data, and absence of adversehuman disturbance in
charge did not correlate well, reflecting the lack of the basin. Basin characteristics were those avail-
an apparently simple relationship between instan- able from USGS files; 31 of the streams were in
taneous suspended sediment concentration and glacierized basins.
discharge, and between total sediment yield and Parks and Madison (1984) estimated mean sus-
total discharge (e.g., Church and Gilbert 1975, pended sediment discharge from the instantaneous
Ostrem 1975a, Collins 1979a, Fenn et al. 1985). sediment transport and daily flow records follow-
Examples follow. ing the relationship

Collins (1979a) analyzed suspended sediment
concentration and discharge in the Gornera stream = 0.0027QwC (109)
draining Gornergletscher near Zermatt, Switzer- where Qs = instantaneous sediment discharge
land. Suspended sediment concentration to dis- Qw = instantaneous water discharge
charge relationships in the log-linear form of S, = C = instantaneous suspended sediment
aQb, where s. is suspended sediment concentra- concentration.
tion, Q is discharge, anda and bare best fitestimat-
ed parameters, were evaluated for hourly data Daily means and longer-term mean suspended
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10 2 ment-discharge relationships, something that is

0 Mantim Glacial reflected in the larger standard errors (about -64 to
o Interior Glacial 180%/6). Larger errors were also found for maritime
0 Non-glacial glacial stream relationships than for interior gla-

cial streams; these errors may be related to differ-
Eo0 0 ences in the influence of ice-free parts of their

Regression Une
-1 (statewidemodel) 0 respective basins. Unit runoff from glacierized9o000a 1 basins in the maritime region is generally slightly• oo0 higher than, but of the same order of magnitude as,

0- o oo that from glacierized basins in the interior. Be-
0 -cause of the much higher maritime precipitation,

E 0 however, the unit runoff from nonglacial areas
9 0 ,°may be as much as 10 times greater for maritime

1n 00 * 0 streams than for interior streams.
As with their runoff evaluation, the equations""* estimating suspended sediment yield suffer from

*• limited data, including virtually no daily records
of significant length, a limited number of gauging
sites within extremely large basins that are biased

-, both in area and time, and an incomplete under-
10100 10 1 102 standing of the relationships among independent

Percent Glaciers and dependent variables (Parks and Madison 1984).

Figure 80. Relation ofpercentageofglaciers in the In the latter case, the basin characteristics chosen

drainage to suspended sediment yield (after Parks as variables are not necessarily those that are crit-

and Madison 1984). ical to suspended sediment discharge in glacier-
ized basins, nor are they necessarily of similar

sediment discharges were then calculated using importance across the large basins that they exam-
daily surface flow data for periods of record hav- ined.
ing no ice cover. Deficiencies in the database are critical to the

Parks and Madison developed stepwise multi- reliability of Parks and Madison's relationships. In
ple regression relationships with percentage of particular the accuracy of the instantaneous sedi-
glacier cover in the basin and drainage area as ment transport curve, which forms the basis of the
independent variables. These statewide regres- relationships, depends on the assumption that
sion equations, however, had very low correlation data are reasonably well distributed over the range
coefficients and high standard errors. Log-log plots of expected discharges and normally distributed
of residuals for sediment load, which showed the about the mean. Peak flow measurements of sed-
best relationship to percentage glacier cover and iment concentration are few, with some data sets
drainage area, were randomly scattered about the lacking any such observations. Predicted quanti-
regression line, except that, in the case of glacial ties will thus tend to be higher than actual trans-
runoff, residuals could be grouped for interior and port.
maritime areas (Fig. 80). They found a similar Gurnell (1987) found similar problems in ana-
grouping for sediment yield using glacier cover as lyzing the suspended sediment yield of 43 glacier-
the independent variable. Daily sediment records ized catchments from across the world, using both
were inadequate, however, to define annual mean single- and multiple-variable, log-transformed
yield of suspended sediment to compare to quan- regression models. The independent variables that
tities predicted by the equations and only mean she examined included discharge volume, total
values could be estimated. basin area, glacierized area, and distance of the

Regression equations for the rivers fed by gla- gauging site from the glacier source. The area of
ciers provided estimates of mean suspended sed- glacier cover was positively related to suspended
iment values that had standard errors of approxi- sediment yield because of its role as a sediment
mately -50 to 100% and r2 values of about 0.6 for source. In addition, the distance of the gauging site
sediment concentration and 0.9 for sediment load. from the glacier source affects the apparent sedi-
Nonglacial streams usually had lower suspended ment yield of the basin, as had been previously
sediment yields but greater variability in sedi- suggested by Borland (1961) and Guymon (1974).
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None of the relationships, however, was statisti- pended sediment concentration to hourly changes
cally significant and the regression models could in discharge, assuming a 1-hour lag. Their analy-
not explain a large proportion of the variance in ses suggested that 1- to 2-day periods of record for
suspended sediment yield. discharge and suspended sediment data improved

Fenn et al. (1985) and Gumell and Fenn (1984a,b) predictions.
examined the relationship of suspended sediment Gurnell and Fenn (1984b) also attempted to sep-
yield to discharge using multiyear as well as daily arate the discharge series into glacial flow compo-
and hourly observations of the Tsidjiore Nouve nents before considering the relationship of sus-
glacierized basin in Switzerland. Their evaluation pended sediment concentration to discharge. This
of regression analyses and their alternative ap- separation, in effect, indirectly considered process
proach to such analyses illustrate many of the relationships in the glacier. A simple two-reser-
problems associated with developing and using voir mixing model (previously used by Collins
sediment rating curves for glacierized basins. [1979b] for analyzing water quality components in

Researchersrunintothreemajorproblemswhen meltwater) was applied to separate the total dis-
estimating a suspended sediment rating curve charge into subglacial and englacial components.
from sample data and then applying that curve to Their analyses suggested that peaks of suspended
calculate suspended sediment transport and sed- sediment concentration matched peaks of dis-
iment load from discharge data. First, sediment charge in the englacial and subglacial discharge
rating curves derived from different periods vary components, and suggested that a multivariate
and are not valid except for the periods for which transfer function employing the two flow compo-
they are established (Ostrem 1975a). Ostrem (1975a) nents as independent variables may improve pre-
concluded that the relationship between discharge dictions of suspended sediment concentration.
and sediment yield is, in fact, changing more or Fenn (1989) evaluated the quality of estimates
less continuously throughout the runoff season from suspended sediment rating equations and
and from year to year. Second, detailed examina- transfer functions by examining the stability of
tion of the residuals of all sediment rating curves rating relationships derived from 6 years of data
estimated by simple linear regression analysis for from the Glacier de Tsidjiore Nouve basin. In
the proglacial stream of the glacier in Tsidjiore general, standard rating curves based upon a lin-
Nouve has shown that they are strongly serially ear regression analysis were applicable only to the
autocorrelated, and that this autocorrelation bias- time from which they were developed, but multi-
es the rating curve and any estimates of suspended year models improved estimates. Single year mod-
sediment concentration derived from it (Fenn et al. els had errors ranging from 34 to 278% when their
1985). Third, because the rating curve is estimated predicted quantities were compared to data from
from log-transformed data, estimates of concen- subsequent years. The mean absolute errors ranged
trations and yields of suspended sediment will, on from 35 to 81% (mean of 52%) whereas the multi-
average, be too low (Walling 1977). Thus, it is year model had a mean error of 38%. Fenn (1989)
impossible to develop an unbiased simple regres- calculated additional models, one using a least
sion model relating suspended sediment concen- squares regression corrected for the autocorrela-
tration to discharge for the Tsidjiore Nouve gla- tion associated with flow and discharge history
cierized basin (Fenn et al. 1985). that improved error in estimates to 15%. A simple

To improve the relationship derived for esti- transfer function using 25-day data sets and relat-
mating suspended sediment values, correlations ing hourly changes in suspended sediment con-
between variables and the recent past behavior in centration to hourly discharge variations, assum-
discharge and sediment concentration must be mg a 1-hour lag, improved predictions to only a
considered. Specifically, suspended sediment con- 5% absolute error. This analysis suggested that
centration is affected not only by the present dis- sediment rating curves for this basin could be
charge of the proglacial stream, but also by the applied to times beyond the calibration period
recent discharge history of the stream and the using transfer functions.
degree to which past discharges have exhausted Although the methods of Gumell and Fenn
the supply of sediment in the glacier (Gurnell (1984a,b), Fenn et al. (1985) and Fenn (1989) for
1987). Gumell and Fenn (1984a,b) suggested that developing suspended sediment rating curves are
suspended sediment rating curves be based on a more complex, each technique still incorrectly as-
time-series analysis of the data. They applied a sumes a linear relationship between the indepen-
transfer function relating hourly changes in sus- dent and dependent variables and cannot yet cope
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and the results statistically spurious (Fig. 81) (Ben- and production within glacierized basins, and an
son 1965, Church and Gilbert 1975, Gurnel1 1987). indication of a need for further research.
Where there are sufficient data, a simple transfer
function for sediment rating curves can account Predicting runoff
for the effects of previous discharge and sediment Predictive models of runoff generally calculate
transport history on subsequent changes in sus- discharge in two steps. One part attempts to calcu-
pended sediment supply and load and can there- late meltwater production, while the other calcu-
fore improve application of sediment rating curves, lates the effects of the drainage process within the

glacier. Meltwater production is best simulated in
PHYSICAL MODELS terms of both the physical process and the estimat-

ed melt rate, primarily because of the quantative
The number of physical models for predicting data available from field studies (Fountain and

runoff or sediment yield from glacierized basins is Tangborn 1985b). In contrast, theories on internal
limited. Most conceptual predictive techniques drainage, which controls flow rates, storage and
have been developed for specific applications and discharge to glacial rivers, are poorly documented
no attempt has been made to apply them to other by field studies and difficult to simulate through
regions, time and space.
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Fountain and Tangborn (1985b) recently re- version, the empirical depletion curve includes
viewed contemporary predictive models for run- the area of glacier cover. This modification pre-
off; the discussion that follows includes their sum- sents reasonable estimates of seasonal runoff, but
mary and several of the more detailed case histo- incorrectly predicts the daily timing and volumet-
ties in Young (1985). ric changes in runoff.

Baker et al. (1982) model, Venagtferner, Austria.
Conceptual model examples Baker et al. use an energy balance model of Escher-

Anderson (1973, 1976) model, Alaskan basins. Vetter (1980) to calculate glacier meltwater pro-
Anderson's model is based upon snow accumula- duction based upon solar radiation measurements
tion and ablation, and uses daily precipitation and at a gauging station in the basin of Venagtferner,
temperature measurements. This model has been Austria. This gauging station also provides hourly
used to predict runoff from Alaskan basins for stream flow data and meteorological data that
periods ranging from 6 to 24 hours, but it does not include precipitation, air temperature, wind speed,
consider glacier effects directly. Nibler (cited in wind direction and humidity. Glacier albedo is
Fountain and Tangborn 1985b) reported that the estimated from daily photographs of the glacier
model has been modified to consider glaciers by that are taken automatically from a position at the
increasing the area of snow cover to equal that of gauging station. These data are incorporated into
the glacierized area. Runoff is determined by treat- a digital terrain model of the glacier surface, for
ing the glacier as an extremely thick snowpack that which a radiation distribution model calculates
does not melt during the summer. solar radiation and albedo.

The model as a whole considers snowpack Water storage and drainage are estimated us-
melting using a linear temperature index model ing a linear reservoir method, where runoff R(t) is
related to the difference in air temperature and a proportional to the volume of water stored V(t)
base temperature at which there is no melting
during a dry period. Thus V(t) = K R(t) (112)

M = MF (Ta - Tb) (110) and K is a constant. Changes in stored volume are
simply considered equal to the inflow minus the

where M = snow-melt outflow

MF = melt factor
Ta = air temperature dV - I(t) - R(t). (113)
Tb = base temperature at which there is no dt

melting.
Combining eq 110 and 111 yields

An energy balance formulation based upon air
temperatures is used during rainy periods. Thus K dR = I(t) - R(t) (114)

dt

QT = Qn + Qe + Qh + Qp (111) or

where QT = total energy exchanged at the snow It)
surface R(t) - exp(-1)/K dt + Ro exp-/K. (115)

Qn = net radiative h..at transfer K

Qe = latent heat transfer

Qh = sensible heat transfer where R0 is the runoff at the start of the simulation.
Qp = conductive heat transfer by rainwa- An independent linear reservoir is created for

ter. each of three zones on the glacier (exposed ice, firn
and snow), and runoff is estimated by combining

Air temperature from the meteorological sta- flow from each. The constants for each reservoir
tion is empirically corrected for elevation differ- are calculated by assuming the condition of inflow
ences in the basin to estimate melt rate. Based upon equal to outflow. K is then considered to be the
an empirical depletion curve for each basin, snow- residence time of water within each reservoir.
pack water equivalence is estimated and runoff is Runoff within each zone responds differently to
predicted when the liquid storage capacity of the changes in energy inp-t. the residence times in-
snowpack is exceeded. In the glacier-modified creasing (eq 113) from Lie firn to the ice zone.
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The model is applied to the Venagtferner gla- Nordbo Glacier in southern Greenland. In both
cierized basin once snow cover is restricted to only applications, the first being based on 8 years of
the upper glacierized elevations. Hourly predic- data and the second on 4 years of data, peak flows
tions can then be generated. Generally, the model are underestimated, whereas the timing of runoff
underestimates runoff in July and early August, peaks precedes the actual event early in the season
while overestimating it in late August and Sep- and lags it later in the season (Gottlieb 1980, Foun-
tember. Errors are apparently related to the con- tain and Tangbom 1985b). These inaccuracies ap-
stant storage coefficients (which should actually pear to result from use of the modified degree-day
change through the season with the developing method for snowmelt and glacier ice melt, and
drainage system of the glacier), the constant from the constant linear reservoir model for water
temperatures used in calculating snow cover ener- storage within the glacier.
gy balance, the lack of consideration of precipita- Lang ý 1980) model, Aletschgletscher, Switzerland.
tion or runoff from nonglacierized areas of the The Lang model is designed for detailed estimates
basin, and, possibly, a generally incorrect calcula- of runoff over short periods of several hours to
tion of snowmelt rate (Fountain and Tangborn several days. Hourly data for air temperature,
1985b). precipitation and incoming short-wave radiation,

Gottlieb (1980) model, Peyto Glacier, Canada. The as well as runoff from each glacier within the
Gottlieb model separates the basin into ice-free basin, are required for calculations.
and ice-covered areas, with different calculations A multiple linear regression relationship com-
for 1) runoff from snowmelt and glacier melt, bines melt production with runoff
based primarily upon an energy balance relation-
ship, and 2) water storage and runoff, which are Rt = bo + b1 Rt-i + b 2 Rt-2 + b3Rt-3 + b 4 Tt
calculated with a linear reservoir model. The basin
itself is divided into altitude bands of about 200 m + b5 (Tt 1 + Tt-2 )+ b6St + b7 (St-I + St-2)
elevation each, and precipitation and temperature
are estimated for each band using a linear relation- + b8(PT)t + b9(PT)t-i + bio(PT)t-2 (116)
ship for elevation change within the basin. Base-
line data are taken from a meteorological station where R = discharge at time t
near the glacier terminus. bi = coefficients

Within the energy balance calculations, snow- t-j = denotes observations at previous time
melt is determined using a modified degree-day step j
method where the difference between air temper- T = air temperature
ature and snow surface temperature defines the S = shortwave radiation
energy available for snowmelt. These values are P = precipitation.
further refined by considering that the solar radi-
ation input and surface albedo vary seasonally; Runoff forecast from eq 116 is based upon melt
this effect is accounted for by a similarly varying rates using forecasted values of air temperature,
constant. The water equivalent of the snowpack is precipitation and incoming solar radiation. The
used to define its areal extent as in the Anderson runoff values for previous times are included to
(1973) model. Water storage capacity of the snow- simulate water storage or retention within the
pack is assigned a constant value. Runoff is then basin as a whole, without considering glacier stor-
calculated as a sum of overland flow, interflow age separately. The equation is further calibrated
and baseflow components using a model by Niel- by considering the changes in ablation rate. Three
son and Hanson (1973). Precipitation runoff in intervals through the melt season are defined by
areas without a snowcover is also calculated. changes insnow cover, albedo and probable chang-

For glacier runoff, meltwater production is cal- es in the drainage system within each glacier.
culated by a degree-day method but with an albe- The basis of Lang's relationship is a statistical
do value appropriate to exposed glacier ice. As evaluation of long-term records of various basin
with the Baker et al. (1982) model, the meltwater is parameters. This evaluation indicated that air tem-
routed through the glacier as a linear reservoir; perature correlates with ablation zone melt rates,
water storage or water retention is assumed con- precipitation correlates inversely with incoming
stant for several days at a time. solar radiation, which is in turn related to duration

This model was first applied to the Peyto Gla- of cloud cover, and vapor pressure correlates with
cier basin in the Canadian Rockies and then to longwave radiation. Because of difficulties in ob-
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taming accurate data, the latter term is assigned a where MB = band-melt (mm)
constant value. MR = point-melt factor (mm/°C)

Model forecasts tend to underestimate short- Tm = elevationbandmaximum air temper-
term (hourly-diurnal) peak flows, but predict to- ature (°C)
tal seasonal flow fairly accurately. The model also Xc = radiant energy factor
requires forecasts of meteorological variables, T.,. = elevationbandminimum air temper-
which can be unreliable, particularly where com- ature (°C)
plex topography creates local variations in weath-
er. Additionally, it is difficult to define when the and
model must be modified for seasonal changes in TmX- + Td/X Cm (118)albedo. X c = Dw + (118

Lundquist (1982) model, Nigardsbreen, Norway. Dw + Td/X

Runoff predictions are based upon melt rates for where Xc = radiant energy factor
snow and ice calculated using a modified degree- Td = daily air temperature range (T.,x -
day method that considers variations in albedo Td = i tem rat g
and total radiation. The basin is divided into two Tra= ) in the band
areas that are defined by the approximate eleva- = reference dew point controlling
tion of the glacier's equilibrium line. Meteorolog- sublimation
ical stations in each area provide air temperature, Cm = limiting value.
relative humidity, precipitation and wind speed
data for estimating melt rate. Snowpack water According to Power (1985), the radiation compo-
equivalent is estimated from occasional field mea- nent of melt is considered the most significant
surements. factor, and therefore melt depends on the maxi-

Meltwater drainage and runoff are calculated mum rather than the mean daily temperature.
separately for the upper and lower elevation zones, Melt caused bv condensation is controlled by the
with flow-through simulated by linear reservoirs vapor pressure of the air compared with the vapor
run in parallel with each other. Storage terms pressure of the snowpack. Minimum air temper-
differ within each, the value being chosen accord- ature approximates the dew point. The rate of
ing to water retention in the snowpack or glacier. condensation is determined by multiplying the

In general, predicted peak flows preceded actu- dew point by the energy partition multiplier Xc,
al peak flows and were overestimated. The lack of which was based on the minimum air tempera-
distinction between runoff from glacier-covered ture.
and ice-free areas and the source of river discharge Runoff peaks are not well predicted. This inac-
data from a site about 2 km from the glacier below curacy apparently results from the neglect of wa-
a proglacial lake are probably the primary sources ter storage and drainage processes within the gla-
of error in the estimates. cier, as well as the progressive changes that take

Power and Young (1979) model, Peyto Glacier, place in the drainage system through the melt
Canada. Runoff estimates are made using the Uni- season. Ice-melt as predicted by zhese relation-
versity of British Columbia (UBC) Watershed ships, however, agrees with a regression analysis
Model (Quick and Pipes 1977), with the basin sub- of Peyto Glacier data by Young (1980).
divided into 11 area-elevation bands. The area of Tangborn (1984) model, basins in British Columbia,
glacier cover in each band is specified, with the Canada. This model has been applied to various
glacier treated as a thick snowpack. Snow-melt is basins in British Columbia, Canada. It is calibrated
estimated as a linear function of three mean air with data from a nearby nonglacierized basin,
temperatures: 1)mean minimum air temperature, then modified for the effects of glaciers using an
which indicates latent heat exchange at the snow algorithm that accounts for accumulation and ab-
surface from condensation and evaporation; 2) a lation on the glacier surface and predicts water
mean maximum air temperature, which relates to storage and flow delays caused by the glacier's
convective heat transfer; and 3) a mean daily air drainage system.
temperature range, which is a measure of net Snow-melt and ice-melt are calculated usingan
radiative energy. exponential relationship for mean daily tempera-

For glacier cover, ice-melt is calculated as ture, daily temperature range (used to approxi-
mate cloud cover) and albedo, including seasonal

MB = MR(Tmax + XC + Trin) (117) variations in angle of solar incidence. Each basin is
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subdivided into altitude bands, with a maximum radiation measured at a gauging station near the
of five bands within which air temperature and Z'Mutt glacier terminus. This catchment, as well
precipitation are calculated using lapse rate cor- as the other 33 glacierized basins within the area of
rections for meteorological data from a nearby the Grande Dixence hydroelectric scheme, have
station. extremely complex topography; this was also con-

Internal glacier drainage is treated as a linear sidered in developing the model.
reservoir but with restricted inflow. Two periods The model is described as a "conceptual regres-
are defined annually, theearlyperiod correspond- sion model" by Lang and Dayer (1985). Multiple
ing to inflow to glacier storage (1 November-15 regression equations relate various hydrological
July). During the remainder of the year, water is and meteorological variables to discharge in the
released from glacier storage and flows out as form
stream discharge.

An exponential relationship defines maximum Qt = a + bi x x + W (121)
inflow Gim as

where Qt = discharge at time t
Gim = exp-CiK (119) a = constant

b= regression coefficients
and maximum outflow Gout as x= variables

= residual.
Gout = 1 - exp-2K (120)

Regression coefficients are defined using a least
where C1 and C2 are calibration constants and k is squares method.
an internal storage constant. Seasonal variations in snow cover, snow depths,

In general, Tangborn's relationships overesti- albedo, physical properties of snow and ice, and
mate runoff early in the season and underestimate drainage system development are accounted for
it late in the season. These variations may result by dividing each melt season into three intervals
from considering glacier storage as fixed periods corresponding to the beginning, main part and
of inflow or outflow, end of the ablation season. Criteria for defining

Tangborn (1986) and Clarke et al. (1986a) also each interval include air temperature, snowcover
applied this model to the Susitna River basin, extent and the nature of the daily hydrograph. Re-
Alaska. Here, daily data from a low-altitude weath- gression equations were developed for each of the
er station at Talkeetna, Alaska (105 m), and a three intervals and residual values defined. Addi-
higher-altitude station at Gulkana, Alaska (479 tional modifications to these relationships consid-
m), were used for calculating water storage and er the effects of hourly versus daily parameter
runoff from two equal-area altitude zones above variations, solid versus liquid precipitation, and
and below the 870-m elevation. For the period of glacier albedo. The linear regression relationship
record from 1950 to 1976, the runoff forecast corre- follows eq 116. Thus, it relies upon daily meteoro-
lation coefficient was 0.76, with a mean standard logical forecasts of temperature, net radiation and
error of about 10%. The model generally underes- precipitation and past daily values for discharge,
timated peak flows and flood runoffs associated which is similar to Lang's (1980) model.
with precipitation. Tangbom (1986) concluded that The model approximates hourly runoff reason-
improved simulation of snowpack-glacier stor- ably well for the first 12 hours. Accuracy of the
age and other aspects of winter hydrology would meteorological forecasts to a large extent deter-
improve the model. Tangbom (1991) discussed mines its accuracy within this period as well as
application of this model to the Columbia River beyond it. Lang and Dayer (1985) indicated that
basin, but did not specifically address glacier stor- they were recalibrating the model using new data.
age and runoff. Improvements suggested by them included con-

Lang and Dayer (1985) model, Z'Mutt Glacier, tinuously varying regression coefficients, rather
Switzerland. This modelis an extension of the Lang than three constant periods, adding a vapor pres-
(1980) model for forecasting hourly and daily run- sure term as a surrogate of latent heat flux, and
off from the Z'Mutt Glacier basin for the Grand increasing data collection witin the basin to in-
Dixence S.A. hydroelectric project. Data required clude measuring precipitation at more sites (two
for the model include discharge, air temperature, to three minimum), conducting detailed snow
vapor pressure, precipitation and incoming solar surveys and measuring humidity.
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Power (1985), various models, Columbia River ba- 117 and 118. Glacier-melt depends on maximum
sin, Canada. Daily and seasonal forecasting is re- ratherthan mean daily temperature, asdoes snow-
quired for operations by British Columbia Hydro melt. Changes in snowline elevation modify gla-
within the Canadian portion of the Columbia cier- or snow-melt rates. As with FLOCAST, inter-
River basin. Daily time scale predictions use nal drainage and storage in glacier-covered areas
FLOCAST, the UBC model or SSARR. Seasonal are not considered.
runoff forecasts are based upon VOLCAST as well VOLCAST is a series of statistical regression
as the UBC and SSARR models. equations for forecasting monthly seasonal runoff

SSARR, which uses a temperature index meth- between January and August for several areas
od to predict snowmelt runoff, was set up by the within the Columbia basin. Parameters to define
Corps of Engineers for the Columbia basin to ac- runoff volume include 1) winter precipitation
count for runoff from nonglacial watersheds (November through March, inclusive), combined
(Speers et al. 1979, Cassell and Pangburn 1991). with selected snow course water equivalents, 2)
The model, however, does not accurately repre- spring and summer precipitation (April through
sent snowmelt above the treeline in alpine areas, September, inclusive), 3) antecedent precipitation
where solar radiation determines melt rates. SSARR (in the previous September and October), 4) evap-
also does not distinguish between snow and ice, oration index, using February to September mean
and therefore cannot simulate directly the drain- monthly maximum temperatures, and5) a glacier-
age within glacier-covered areas. An artificially melt index, usingApriltoSeptembermeanmonthly
thick snowpack, as used by the Nibler-modified maximum temperatures, that is related directly to
model of Anderson (1973), described previously, glacier runoff. Regression coefficients and con-
isused to calculate runoff from glacierized parts of stants are determined using multiple parameter
the basins, but it does not account for glacier historical data that are updated each year.
meltwater production variabilities caused by in- In addition, the physical UBC model is used for
creased or decreased albedo nor internal glacier seasonal forecasting at four dams from January to
storage and drainage. August. Historical sequences of maximum and

FLOCAST is designed to forecast inflows to minimum temperatures and precipitation from
reservoirs and is used daily in the Columbia River 1958 to the present are input to the model, 1 year at
basin. Snow-melt is calculated for up to 18 eleva- a time, along with the current basin conditions.
tion bands by a simple degree-day formula incor- The resulting set of runoff sequences is then statis-
porating a variable melt rate factor that is lowest in tically analyzed to predict maximum and mini-
winter and peaks in June. Lapse rates are deter- mum flow by the day, month and season.
mined by maximum daily temperatures and the The SSARR model was also tested for seasonal
elevation of the freezing level, forecasts in sub-basins within the Columbia basin

In FLOCAST, meltwater production by glaciers using median values of temperature and precipi-
is determined by assuming that 1) the snowline tation (Power 1985). Volumetric seasonal forecasts
elevation rise is slower on the glacier than on other with SSARR were comparable to those generated
basin areas, and 2) the snow-melt rate on the gla- by detailed multiple regression forecasts. As Pow-
cier is slower than adjacent to it. Glacier snow-melt er (1985) states, applying SSARR or another phys-
is calculated initially at one-half the rate off of the ically based model would be advantageous over
glacier, and, as the snowline rises, the glacier-melt the statistical approach because accuracy can be
rate is defined as a fixed value. Power (1985) continually improved by making adjustments to
compared the FLOCAST and UBC models to em- reflect existing hydrometeorological conditions.
pirical data on snow- and ice-melt on Peyto Gla- Braithwaite (1980, 1984) models, Greenland ice
cier (Young 1980), concluding that FLOCAST un- sheet. Braithwaite and Thomsen (1984ab) applied
derestimated daily, peak and seasonal runoff, sug- the mass balance (MB1) and runoff (RO1) models
gesting that the ice melt rates are too low. The of Braithwaite (1980,1984) to simulate runoff from
model does not consider the effects of glacier the Greenland ice sheet for evaluating hydroelec-
drainage and storage, which introduce errors as tric potential. The MB1 model calculates mass
well. balance and specific runoff based upon extrapola-

The UBC model uses 5-day forecasts of precip- tion of monthly air temperature and precipitation
itation and of maximum and minimum tempera- data from a nearby meteorological station as a
ture within 11 area-elevation bands in the water- function of elevation within the basin. Precipita-
shed or basin. Snow-melt and ice-melt are both tion is assumed constant across the basin, but is
estimated using a linear relationship following eq divided into rainfall and snowfall based upon the
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probability of below-freezing temperaturesin each Comparisons of the predicted runoff volumes
month. Temperatures are extrapolated by consid- to runoff data for 1980 to 1985 suggest that the
ering coastal versus inland locations, vertical tem- model underestimates the volume of peak flows,
perature lapse rate, and the cooling effects be- overestimates low flow volume and predicts the
tween ice-covered and ice-free areas. Values for timing of peak flows after the fact. Braithwaite and
the parameters of each effect are based upon gla- Thomsen (1984b) suggest that these differences
cier-climate studies (Braithwaite 1984) or trial- may be lessened by including process models of
and-error evaluations, the glacier-climate relationship.

Monthly ablation rates for ice and snow at each
elevation are assumed to be a function of monthly Comparisons
mean temperature, following Braithwaite (1985). The physical models described previously have
Runoff simulationconsiders thepotential for melt- not been compared directly by analyzing similar
ing or refreezing of meltwater and rainfall as func- data sets for one or more basins or for periods
tions of elevation. covering several years or more. Fountain and Tang-

Specific annual runoff, based upon the sum of born (1985b) compared six models for a single
annual ice and snow ablation and of rainfall, is year's data and for the results of the particular
integrated over th-, glacierized basin area by the basin analyzed by the respective authors (Fig. 82).
RO1 model to calculate glacier runoff volume. The value of this comparison is limited by the fact
Runoff from areas that are glacier-free is calculat- that the dates of each year of record differ and that
ed from annual precipitation at a nearby meteoro- additional years of record, which are clearly need-
logical station. ed to better define a model's accuracy, are not
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Figure 82. Comparisons of six conceptual runoff models by each respective
author as analyzed by Fountain and Tangborn (1985b), Light lines are pre-
dicted runoff; heavy lines actual runoff Data years are given in parentheses
below authors' names in upper right corner of each graph (after Fountain and
Tangborn 1985b).
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generally available. Only the Gottlieb (1980) mod- general evaluation of the other models presented
el has actually been applied to two basins of dis- suggest that each is basin-specific. Unless calibrat-
tinctly different climate and region using several ed to a given basin using measured data, the relia-
or more years of data. The relatively similar errors bility of the physical models is highly questionable.
of the Gottlieb model for simulated peak and sea- Fountain and Tangbom (1985b) concluded that
sonal runoff suggest that it may be equally appli- a major deficiency in each of the six models that
cable to different climatic regions (Fountain and they compared is the rudimentary treatment of
Tangbom 1985b). meltwater within the glacier environment. This

Fountain and Tangborn's (1985b) numerical and conclusion holds for the other models described
graphical comparison of the observed and pre- here as well. Improved formulation of glacier melt-
dicted values (Fig. 82, Table 3) suggest that none of water production, drainage and storage are re-
the physical models can accurately predict the quired to improve the accuracy of models for gla-
timing and volume of peak flows nor the total sea- cierized basin runoff. Although considerable
sonal volume of flow, with the exception of Lang's progress has been made, Colbeck's (1977) assess-
(1980) model. Fountain and Tangbom's statistical ment that runoff can only be accurately predicted
evaluation shows a significant variation in the after the snowpack has undergone melt meta-
coefficient of determination among the models. morphism and the glacier's drainage system has
Volumetric differences are generally similar (ex- fully developed appears still generally true today.
cept for Lang 1980); error calculations suggest A general physical model for predicting runoff
rather large differences in model performance for over short or long periods has not yet been devel-
each period of record. These evaluations and a oped.

Table 3. Comparison of six physical models using data of Figure 82 (after Fountain and Tangbom 19MSb).

Mean of Mean of Seasonal
Data No. of observed calculated Coeff. of wlumetric Standard Relative Absolute

Reference year data pairs runoff runoff determination d4ýfrencet err error- t ernar

Baker et al. (1982) 1979 121 1.38 m3/s 1.32 m3,'s 0.80 0.05 0.25 -0.05 0.18

Gottlieb (1980) 1968 131 13.0 mm/day 11.0 umn/day 0.82 0.15 0.31 -0.15 0.22

Lang (1980) 1965 40 36.5 m3/s 36.5 m3/s 0.68 0.00 0.17 0.00 0.13

Lundquist (1982) 1974 497 2.57 mm/3 hr 2.41 mm/3 hr 0.O5 0.06 0.20 -0.06 0.14

Power and Young (1979) 1970 92 425 x 103 m3/day 400 x 103 m3/day 0.54 0.06 0.31 -0.06 0.23

Tangbom (pets. comm.) 1976 137 61.8 ft3/s 59.2 ft3/s 0.54 0.04 0.50 -0.04 0.33

Coefficient of determination: : (ro -o)2 - I (rc- ro)2

1: (r.o -70

t Seasonal volumetric difference: [I (ro - rc)]
£ (ro)

Standard error:
n

SRelative error:. (rE-r°)
nro

' Absolute error. E- c]
n.o

where rc = calculated runoff
re = observed runoff
r = mean runoff
n = total number of observation.
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Conclusions and Recommendations

Glaciers occupying as little as a few percent of snow and Darcy's law for a saturated medium,
the area of a basin exert significant control on run- modified for inhomogenities, applies. Metamor-
off and sediment yield. Glaciers modify peak dis- phic hanges under saturated condiions take place
charges, determine the variability and volume of more rapidly than they do under unsaturated
hourly, daily and seasonal discharges, create a lag conditions, and permeability and seepage rates
between precipitation and the resultant increase are greater. Water flow in a saturated basal layer of
in runoff, and influence long-term trends in the the snowpack effectively integrates the diurnal
annual volume of flow. Runoff variations result water fluxes. Within the firn or permanent snow-
from the glacier's roles as a daily and seasonal pack of the accumulation area, a thick saturated
water source and water storage medium, long- layercommonly actsasanunconfined aquifer that
term water reservoir, and in routing meltwater stores meltwater and retards its movement into
and meteoric water through the englacialand sub- the glacier's drainage system.
glacial drainage systems to the terminus. Meltwater flowing from the seasonal and per-

Glaciers produce the majority of their runoff manentsnowpackseitherdischargesattheirbases
within several months or less, from a few weeks in onto the glacier surface, where the meltwater cre-
the Arctic and 4 to 5 months in lower latitude ates supraglacial channels, or enters the glacier
basins. Daily variability is greatest in spring as the directly through intergranular passageways or
meltseasonbeginsandgenerallydecreasesthruugh veins, and through larger drainage sinks such as
the summer. Runoff is at a minimum, sometimes crevasses and moulins. Within the glacier the en-
decreasing to near zero, in mid- to late-winter, glacial drainage system is idealized to consist of a

The amount of energy available for producing tree-like network of small veins and capillary tubes
meltwater from snow and ice is a critical compo- feeding progressively larger conduits at depth.
nent of daily and seasonal runoff. This energy con- Surface water entering the glacier increvasses and
sists mainly of net radiation, sensible heat, latent moulins moves through englacial conduits that
heat of condensation or evaporation and heat re- apparently join progressively larger conduits at
leased by cooling or freezing of rainwater falling depth.
on the snowpack and ice. Long-term trends in The water reaching the subglacial environment
runoff largely reflect the effects of climate on the theoretically enters one of three drainage systems:
mass balance of the glaciers. 1) branching, progressively interconnected con-

Glaciohydrologic processes and factors control duits and tunnels similar to the englacial system
meltwater and meteoric water movement and stor- (conduit-tunnel system), 2) an anastomosing pat-
age within the permanent and seasonal snowpack tern of smaller conduits or orifices that link cavi-
and within and below the glacier itself. Most gla- ties in the bed (linked-cavity system), or 3) in the
ciers in drainage basins with the potential for absence of conduits or channels where there is no
water resources development, or that are in cur- englacial discharge at the bed, a thin, hydraulical-
rent use, are those at or near the pressure-melting lyconnected film between the ice and bed (distrib-
point. These glaciers have a relative abundance of uted-flow system). Water may also flow preferen-
meltwater, the volume of which varies seasonally. tially within existing bedrock fractures or aban-

Above glacier ice, meltwater fully saturates the doned channels. Each system can coexist within
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different parts of the same glacier, with the pro- various glaciologic processes, determine sediment
portion of discharge varying over time as well as transport and discharge to rivers at the terminus.
distance. Glacial rivers in general annually transport sig-

The linked-cavity system maintains a given nificantly more sediment in suspension and as bed
water flux capability under pressures that are load than nonglacial rivers under normal flow
higher than in a conduit-tunnel system, and this conditions. Sediment discharge of glacierized ba-
ensures that it is mostly stable and can persist with sins is, however, more variable daily, monthly and
seasonal changes in discharge. These changes are annually, with up to 95% of the annual load trans-
accommodated by changes in the cross-sectional ported during the melt season, which varies in
area of conduits and cavities. Diurnal lags in melt- length with latitude and altitude.
water or precipitation input can result from con- The sediment yield of glacierized catchments is
duits being reduced or closed over parts of the bed highly variable from region to region and can vary
during winter before the full system is reestab- from glacier to glacier and from year to year at a
lished in the spring. glacier. This variability is not related directly to

In contrast, a conduit-tunnel system will tend discharge; sediment load commonly increases out
to evolve and grow with increases in discharge, of phase with runoff, but it may also increase
but as discharge decreases, the system may disin- without any change. Sediment discharge can also
tegrate because of ice deformation as heat flux is vary in the extreme, with nearly the equivalent of
reduced. The system therefore evolves and de- the annual load released in a single day.
grades seasonally and runoff reflects such chang- Insufficient data exist to define the magnitude
es, with closure during winter resulting in tempo- of long-term fluctuations in sediment yield. Basin
rary water storage and, subsequently, significant geology, climate and its control on glacier mass
lags in discharge as the system redevelops each balance and thermal regime, and the type and
spring. By peak summer discharge, a steady-state extent of the subglacial drainage system in relation
system, with rapid flow-through, reduced storage to available sediment control the annual sediment
and low water pressures, is reestablished, discharge.

While drainage system configuration and hy- The sediment transported by glacially fed riv-
drology are reasonably straightforward when the ers comes from sediment in transport by the gla-
substrate consists of bedrock, beds composed of cier itself and from sediment in transport by melt-
sediment result in additional complicating fac- water within the englacial-subglacial drainage
tors. In this case, conduits or tunnels may be systems. Sediment is also derived from nonglacial
incised partly into sediments or cut upward into processes in glacier-free areas of the basin and
basal ice with a sediment bed. Therefore, closure may include sediments in transport by tributary
or expansion is affected by the rate of sediment rivers and various erosional processes, including
deformation into the tunnels. overland flow and mass wasting. Unvegetated,

Further, sedimentary substrates are permeable recently deposited sediments in the glacier's ter-
and a certain small proportion of water is trans- minus region are highly unstable and can be rap-
ported within them. If there is no drainage system, idly eroded into rivers.
but there is melting, hydraulic pressures must Debris transported withinarelatively thin zone
increase sufficiently to equal or exceed the local ice near the glacier's sole makes up the majority of
overburden pressures; then, water can accumu- sediment in transport within the glacier. Basal
late between the ice and sediment, thickening to a debris originates by a variety of processes, includ-
few millimeters or less, and becoming distributed ing mechanical abrasion and plucking, regelation
across the bed. and freeze-on. Abrasion and related processes,

Sediment transport andsedimentyield arecom- such as freeze-thaw, create sediment from bed-
plex functions of the internal or glaciohydraulic rock substrates, and these materials are incorpo-
processes that erode, entrain, transport and deliv- rated into ice by plucking and regelation mecha-
er sediments into glacial discharges, and ofclimat- nisms. Freeze-on, which occurs under certain ther-
ic conditions that determine the rate, magnitude mal conditions at the ice/bed interface, can create
and timing of meltwater production. Thermal con- a thick, debris-rich zone from subglacial sediment
ditions within and below a glacier affect sediment and rock particles. Debris transported basally is
entrainment and release, while the englacial and modified actively by interactions with the glacier
subglacial drainage systems, their seasonal evolu- substrate and internally with other basal debris
tion and stability, and their interaction with the during deformation and flow. In the instance of
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unconsolidated sediments composing the substrate, reasonably modeled, physical simulations suffer
these sediments deform in concert with ice flow, from an incomplete treatment of the glaciohydro-
not only resulting in particle interactions, modifi- logic processes and controls on runoff. As a conse-
cations and comminution, but also a net transport quence, existing models rely heavily on calcula-
of sediment to the terminus. tions of meltwater production and either ignore

Debris is characterized by properties derived glaciological controls on discharge or typically con-
from its source and its passive or active transport sider water routing, storage and drainage through
mode. It is mostly coarse, angular rock fragments the glacier using a linear reservoir relationship.
when of supraglacial or englacial origin, but finer- Models areconsidered basin-specific and have rarely
grained, more rounded particles and sediments been applied to more than one basin. In these ba-
when basally derived. Basal materials in particular sins, they are generally incapable of accurately pre-
are modified by subglacial mechanisms and can dicting diurnal, peak or seasonal flows.
exhibit extremely variable grain size distributions There are no physical models of sediment yield
if originating from subglacial sediments. that are specific to glacierized basins and their de-

The annual flux of sediment transported by ice velopment requires improved understanding of
can only be grossly estimated, if ice flow velocity is the processes of production, transport and storage
known and measurements or estimates of supra- of sediment and the interaction of these processes
ghcial, englacial and basal debris volumes are with the englacial and subglacial drainage system.
available. Data records, including most European sites in

Variations in sediment flux by water reflect the the Alps, are limited in length and number. The lack
seasonal variations in the extent and development of measurements and analyses for glacierized catch-
of the englacial-subglacial drainage systems, the ments in the U.S. and Canada is particularly notice-
type of drainage, and seasonal variations in sedi- able, especially given the large area and volume of
ment production and availability, the latterbeing a glaciers in both countries.
function of a previous hydrologic events that re- Long-term data on runoff and sediment yield at
move or deposit bed materials. glaciers, in conjunction with overall basin hydrolo-

Generally, as the drainage system is progres- gy, hydraulics and climate, are needed. Such data
sively reestablished each spring, new sediments are required for testing, evaluating and developing
produced during winter are entrained and episod- statistical relationships and physical models, in-
ically removed as different areas of the bed drain cluding those expanded for use in multiple basins
and are flushed of sediments. Diurnal meltwater or watersheds. Detailed data collections and model
discharges during this time can also cause episodic developments that exist at operating hydroelectric
opening and closing of conduits and daily sedi- projects in Switzerland, Norway and France should
ment discharge variations. In contrast, late in the be evaluated for applications to North American
melt season, a lowered sediment flux appears to be basins. While these regions can differ significantly
a function of an exhausted sediment supply and in terms of climate and terrain, the European and
fully developed drainage system. Severely reduced Scandinavian data and quantitative relationships
winter discharges ensure sediment storage on the can help focus the modeling. Analytical results
bed that then provides larger volumes of sediment cannot yet be applied directly, however, to North
for spring meltwater discharges. American glacierized basins until additional base-

Existing statistical and physical models are limit- line data are collected and analyses are conducted.
ed in their ability to accurately predict short- and Research on the glaciohydrologic and glaciohy-
long-term variations in runoff and sediment yield draulic processes and factors that control water and
of partly glacierized basins. In particular, statistical sediment production is required to formulate real-
relationships used for forecasting lack sufficient istic and accurate physical models of runoff and
records and are limited in application to the speci- sediment yield. Process analyses must be coordi-
fic basin and specific period for which they were nated with simultaneousmeasurements of climatic
developed. variables and standard hydrological data at down-

Physical models of runoff are preferred because stream gauging stations. These latter data are those
they consider processes and can be continually commonly collected and may exist for sites external
adjusted to simulate observed hydrometeorologi- to the glacierized basins of interest. Analytical com-
cal conditions, or altered to consider existing con- parisons may then allow extrapolation of some
ditions and runoff history. Although meltwater longer-term data to the basin of interest.
production at the glacier-snowpack surface can be The relationships between climate and glacier
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mass balance, glaciohydrology and glaciohydrau- Future climatic changes will have a major effect
lics, and runoff and sediment yield need to be de- on regional and global water resources. Climate
fined and methods developed that minimize the change effects on glacierized basin runoff, result-
need for costly, labor-intensive measurements of ing from changes in the magnitude and frequency
annual mass balance, runoff and sediment trans- of precipitation and shifts in the mean and ex-
port. Remote sensing techniques using both active tremes of temperature, will affect glaciers through
and passive airborne and satellite multifrequency changes in mass balance. Positive and negative
sensors need to be developed for regional predic- feedbacks may result. The links among climate,
tions of runoff, both annually and in near-real- mass balance and runoff are poorly understood
time. and require basic research.
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